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Executive Summary

Thisresearch and devel opment project was sponsored by the United States Bureau of Rec-
lamation (USBR), who are best known for the dams, power plants, and canals it con-
structed in the 17 western states. The mission statement of the USBR’'s Dam Safety
Office, located in Denver, Colorado, is “to ensure Reclamation dams do not present unac-
ceptable risk to people, property, and the environment.” The Dam Safety Office does this
by quickly identifying the dams which pose an increased threat to the public, and quickly
completing the related analyses in order to make decisions that will safeguard the public
and associated resources. The research study described in this report constitutes one ele-
ment of USBR’s research and devel opment work to advance their computational and anal-
ysis capabilities for studying the response of dams to strong earthquake motions. This
project focused on the seismic response of Morrow Point Dam, which is located 263 km
southwest of Denver, Colorado.

Studying the response of concrete dams to earthquake ground motions requires three gen-
eral steps

¢ selecting earthquake ground motions at the site

e modeling the concrete dam, flexible foundation, and reservoir, and performing a tran-
sient analysis

¢ analyzing or evaluating the dynamic response, including the assessment of post-earth-
quake stability. Stability playsalargeroleinthe analysis of these structures, especially
Morrow Point Dam. Morrow Point Dam is a highly segmented structure that has a
large “rock” or wedge defined by three foliation planes that sits directly under the
dam’sleft abutment, which could significantly effect the structural response of the dam.

The sequence of segmented lifts typical of Morrow Point Dam’s construction has a signif-
icant impact on the static stress fields induced in the dam. An analysis of a monolithic
dam may show artificially high tensile stresses within the dam, especially near the abut-
ments. The contraction joints in arch dams cannot develop tensile stresses and may open
and close throughout the duration of the earthquake. Furthermore, the opening of contrac-
tion joints may reduce the tensile stresses, but may increase the compressive arch stresses
in regions where the joints are closed [Ref 3].

One abjective of this study was to perform a detailed evaluation of the effect of various
modeling idealizations, and assumptions on the predicted response of Morrow Point Dam.
This included consideration of nonlinearities in the dam due to the shear keys across the
vertical contraction joints, nonlinearities due to the extensive use of contact surfaces
between dam/reservoir/foundation/abutment wedge, and material nonlinearities due to
concrete cracking. In addition, the accurate geology topography was modeled for the
foundation to study the effects of wave scattering in the canyon and a model for hydrody-
namic interaction was implemented into LLNL's finite element codes for fluid representa-
tion in the three-dimensional dam system finite element model.
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A large number of simulations and parameter studies were performed in this study in order
to provide understanding of the significance of modeling assumptions and the differences
between models of different sophistications, ranging from simple monolithic dam models
to complex fully nonlinear models. The major conclusions reached during these extensive
studies include:

e Using discrete elements to model the joint behavior resulted in gap openings of 0.29
inches at the dam quarter point, whereas when using a sophisticated slide surface that
took into account the shear key geometry, the gap openings were only as much as 0.05
inches at the dam quarter point. However, a peak gap opening of 0.375 inches occurred
near the left abutment. When the left abutment wedge was allowed to move freely from
both the dam and foundation, the peak gap opening near the left abutment increased to
0.65 inches and when uplift pressures and a tied with failure slide surface was used at
the dam/foundation interface, a peak gap opening near the left abutment was 0.91
inches.

e Theresponse of the dam was highly dependent on how the input ground motions were
applied to the 3-D topographically accurate flexible foundation model. It was discov-
ered that when using non-deconvolved ground motions (motions that were not decon-
volved down to the base of the foundation), the accelerations or site response at the
dam/foundation interface was too high. Furthermore, when the ground motions were
applied at the base of the foundation using base accel erations, which meant there was a
non-transmitting boundary at that surface, the dam response was much larger than if a
transmitting boundary was used.

e The accurate geology topography had the effect of reducing the site response dlightly at
the base of the dam.

¢ Two separate models studied the effects of concrete material nonlinearity and atied
with failure contact surface between the dam and foundation. Both models had similar
peak upstream-downstream displacements at the top center of the dam with the model
that did not include these nonlinearities. The models predicted that the dam would
remain stable throughout the duration of the earthquake.

e By accounting for either the hydrostatic uplift (along the foundation) or alow tempera-
ture condition on the dam, the dam response (e.g. peak upstream-downstream displace-
ment) was similar to the response of the models that did not include these
sophistications.

e The peak upstream-downstream dam displacement predicted by this study is 2.86
inches, which isvery close to the 2.9 inch value predicted by the USBR’s finite element
study using the code EACD3D96 [Ref 10]. In addition, the maximum cross canyon
displacement of the left abutment wedge was cal culated to be only 0.83 inches.

The extensive body of computational studies completed are documented herein.
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Nonlinear Seismic Analysis of Morrow Point Dam

A Study for the United States Bureau of Reclamation

CharlesR. Noblet

Jerome Solbergt
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1.0 Objective and Background

Morrow Point Dam, located in the Black Canyon of the Gunnison River in southwestern
Colorado, is a thin double curvature arch dam located approximately 35 km (22 miles)
east of Montrose, Colorado. A double curvature arch dam is defined as an arch dam which
is curved in both “plan and elevation, with undercutting of the heel and in most instances,
a downstream overhang near the crest.” In other words, it is an arch dam that is curved
verticaly as well as horizontally (Figure1). The dam, which was constructed between
1963 and 1968, impounds approximately 144 million cubic meters (117,000 acre-ft) of
water in the Morrow Point Reservoir. The reservoir extends approximately 19 km (12
miles) upstream. The dam structure is 143 m (468 ft) high with a crest length of 221 m
(724 ft). Thethin arch structure rangesin thickness from 3.7 m (12 ft) at the crest to 16 m
(52 ft) at the base. The crest of the dam, at elevation 2183.9 m (7165 ft) carries aroadway
across the width of the structure.

The primary objective of this project was to perform a comprehensive nonlinear seismic
analysis of Morrow Point Dam for the United States Bureau of Reclamation. The project
consisted of two major phases. The first phase of this research study consisted of the fol-
lowing:
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a) b)
FIGURE 1. Principal concrete dam types. a) Gravity dam; b) thin arch dam.

Construct a coupled three-dimensional finite element model of the Morrow Point Dam/
Foundation Rock/Reservoir system, which includes appropriate geology topography.

In addition, thiswill include the foundation rock with three contact surfacesto repre-
sent the abutment wedge formed by foliation plane 4, joint set 2, and joint set B.

Complete implementation of amodel for hydrodynamic interaction in the NIKE3D and
DYNAS3D codes. Thiswill include implementation of nearly incompressible finite ele-
ments for fluid representation in the 3D Dam system model.

Modify the existing NIKE3D and DY NA3D contact surfacesto allow appropriate mod-
eling of the available shear transfer across contraction joints which contain shear keys.

Perform nonlinear dynamic earthquake time history analyses and sensitivity studies to
assess the effects of varying expansion joint characterizations on the computed system
response.

The scope of Phase 2 consisted of three primary areas:

1.
2.
3.

Finite element model verification
Additional finite element model devel opment
Finite element analyses

In the area of model verification, the following tasks were suggested by the USBR’s Con-
sultant Review Board for Morrow Point Dam:

Comparison with other finite element codes, such as GDAP, SCADA, or EACD.

Free vibration study of Morrow Point Dam to determine the fundamental modes of the
complex 3D finite element model and the damping in the system.

Block dliding verification test in order to verify that the contact surfacesin DY NA3D
are indeed performing as expected.
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In the area of finite element model devel opment, the following tasks were compl eted:

e Seismicinput using forces were used instead of base accel erations along the base of the
foundation. This allowed for a non-reflecting boundary condition to be placed on the
entire boundary of the finite element model.

e A transmitting or non-reflecting boundary was added to the upstream side of the reser-
VOIr.

¢ A diding contact surface was added between the reservoir and the foundation.

e The wedge geometry was modified to be closer to that found in the field.

o Hydrostatic uplift forces or pressures along the abutment wedge contact surfaces were
added to the finite element model.

Nine finite element models were generated for Phase 2 of this study. The nine different

finite element models are described below:

1. Model 1: Homogeneous/Monalithic Dam

This model has the least number of dliding contacts and will be used to validate the reser-
voir model, application of the ground motions, damping, sliding between the reservoir and
foundation, and compare with EACD. This model will contain a flexible foundation, a
homogeneous/monoalithic representation of the dam, water explicitly modeled, and the
abutment wedge fixed to the foundation and tied to the dam.

2. Model 2: Model with Contraction Joints and Wedge Fixed

This finite element model includes a flexible foundation, the dam contraction joints, the
water explicitly modeled, and the abutment wedge fixed to the foundation and tied to the
dam.

3. Model 3: Model with Contraction Joints and Wedge Not Fixed

Model 3 will be the coupled analysis with the dam and foundation wedge and will show
the stability of the wedge. This model will contain a flexible foundation, contraction
joints, water explicitly modeled, and the abutment wedge allowed to move freely.

4. Model 4: Model of Foundation Only with Wedge Fixed

This model does not include the dam and the wedge is fixed. This finite element model
will give the opportunity to study the seismic waves propagating up the foundation
medium as well as assist in verifying the site response.

5. Modedl 5: Model of Foundation Only with WWedge Not Fixed

This model was constructed in order to study whether the foundation wedge will slide on
its own during an earthquake without adding forces from the dam.

6. Model 6: Model of Foundation and Wedge with Uplift Model ed Between the WWedge and
Foundation
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Model 6 is the same as model 5, except that hydrostatic uplift forces have been added at
the abutment wedge contact surfaces.

7. Model 7: Concrete Damage Model

This model will use a sophisticated concrete damage material model for the dam to study
whether the concrete islikely to damage or crack due to the seismic response of the dam.

8. Model 8: Model with Tied with Failure Side Surface at the Foundation/Dam Interface

Model 8 uses a tied with failure dlide surface at the foundation/dam interface in order to
study the stability of the dam if the dam separates from the foundation.

9. Model 9: Model with Tied with Failure Side Surface and Uplift at the Foundation/Dam
Interface

This model is the same as model 8 except that uplift forces will be applied at the founda-
tion/dam interface.

2.0 Earthquake ground motions

Morrow Point Dam is located in the Black Canyon of the Gunnison River, a 2,460 foot
deep gorge carved into folded precambrian metamorphic and igneous rock. The founda-
tion is entirely quartzite and mica schist that are cut by granite pegmatite dikes, shears,
and joints. The Cimarron fault is approximately 1 km from the dam(Figure 5). The Cima-
rron fault is a west-northwest-striking fault between Montrose and Blue Mesa Reservair.
The western end of the fault is parallel to State Highway 50 and the Gunnison River. The
fault begins in the Black Canyon of the Gunnison National Monument, continues south-
east past Powderhorn and Iron Hill, and terminates south of the southeastern end of Hunts-
man Mesa. The United State Bureau of Reclamation performed site specific
seismotectonic studies for Morrow Point Dam and three ground motions were devel oped
using the results of an initial hazard calculation. Figure 4 shows a seismic hazard map for
the state of Colorado. The USBR developed ground motions representing an earthquake
with a return period of 1 in 50,000 years and representing a magnitude M 6.5to M 6.7
earthquake on the Cimarron Fault. The earthquake motions that are used throughout this
study are the empirical records developed from the Cerro Prieto (cpe) recording from the
M 6.5 Victoria, Mexico earthquake. The cpe_045 component is the component applied in
the upstream-downstream direction, the cpe 315 is the component applied in the cross-
canyon direction, and the cpe_up is the vertical component of earthquake motions.
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FIGURE 4. Colorado Seismic Hazard Map.

Figure 6 through Figure 8 shows the Morrow Point Cerro Prieto ground accelerations,
velocities, and displacements, as well as the response spectrum for both components of
horizontal ground motions and the vertical component ground motions. For this study, we
also needed ground motions that were deconvolved 520 meters below the dam/foundation
contact surface. These time histories were used with the finite element model that
included the approximately 520 meters of earth below the dam. The USBR deconvolved
the ground motions for LLNL and used 5% damping when calculating the deconvolved
ground motions. Figure 9 through Figure 11 show the three components of ground accel-
erations, velocities, and displacements, as well as their corresponding response spectra.
Figure 12 shows a comparison of the original and deconvolved ground motions for the
Cerro Prieto time histories. The deconvolved ground motions are less severe than the
origina ground motions.
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FIGURE 6. Morrow Point ground motions for Cerro Prieto time history. a)
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displacement.
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FIGURE 7. Morrow Point ground motions for Cerro Prieto time history. a)
Horizontal ground acceleration; b) horizontal ground velocity; c) horizontal ground
displacement.
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FIGURE 9. Morrow Point deconvolved ground motions for Cerro Prieto time
history. a) Horizontal ground acceleration; b) horizontal ground velocity; c)
horizontal ground displacement.
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FIGURE 10. Morrow Point deconvolved ground motions for Cerro Prieto time
history. a) Horizontal ground acceleration; b) horizontal ground velocity; c)
horizontal ground displacement.
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2.1 Calculation of Force TimeHistories

In LLNL s explicit code DY NA3D, there are two methods for applying earthquake ground
motions. One can either apply the ground motions as accelerations (and velocities) or as
nodal forces. The easiest method is to apply the ground motions as base accelerations.
However, if one wants a non-reflecting boundary condition at the same location as the
earthquake ground motions are to be applied, base accelerations may not be used. There-
fore, Hall [Ref 11] suggested using nodal forces.

To convert the base accelerations into force time histories, one must first integrate the 3
components of deconvolved ground accelerations to obtain 3 components of deconvolved
ground velocities. Knowing the deconvolved ground vel ocities, one can then calcul ate the

forces at node i using the following relationships:

Fy =2-E- Ai : ygc(t)/cp (EQ 1)
Fy =2-G- A - Xye(t)/Cq (EQ2)
F,=2-G- A~ 24(1)/Cq (EQ3)

where

ygc(t) = ydeconvolved ground velocity (y is considered to be in the vertical direction)
ch(t) = xdeconvolved ground velocity

Zy(t) = z deconvolved ground velocity
A, : tributary area of node i

E: Young's Modulus
G: Shear Modulus
Cp: P-wave Speed
C,: S-wave speed

When using the non-reflecting boundary conditions in DY NA3D, one must modify the
force time histories to account for the dampers at the input location. In the finite element
models presented here, the force time histories were input at the base of the foundation
geometry. Thisisalso the location of a non-reflecting boundary. Any forces placed at the
same location as a non-reflecting boundary, will be lowered due to the dashpots or damp-
ers at that same node. For the vertical motions, the following forces must be added to
EQ. 1.
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4

K+ éG
Fy = ygc(t) X A X p X (EQ 4)
For the horizontal motions, the following forces must be added to EQ. 2 and EQ. 3:
F, = X,.(1) X A X p X S (EQ5)
X gc i XP 4. p
F,=z () XA XpXx G (EQ6)
z gc i X P 4 - P

The material properties that were used to calculate the force time histories are given in the
following table:

TABLE 1. Foundation Material Properties

Foundation Property Value Used
Elastic Modulus 3.338E+06 psi
Shear Modulus 1.391E+06
Poisson’s Ratio 0.2

Mass Density 2.47E-04 Ibs-secZ/in®
P-wave Speed 188,070.86 in/sec
Shear-wave Speed 115,157.48 in/sec

To verify that the dam would be loaded with the correct ground accelerations, the three
components of force time histories were applied to the base of a 520 meter deep rectangu-
lar box of foundation material. Acceleration time histories were gathered at the top of the
foundation box for comparison with the USBR non-deconvolved ground accelerations. In
addition, the force time histories were aso applied to the base of the topographically cor-
rect foundation model to see what effect the topography would have on the ground accel-
erations at the Morrow Point Dam location. Figure 13 shows the simplified finite element
mesh and the topographically correct finite element mesh of the Morrow Point Dam foun-
dation. In addition, this figure shows where the 3 components of time histories are applied
to the model as well as the location of the node where the ground accel erations were gath-
ered for comparison with the USBR calculated Cerro Prieto ground motions. Figure 14
compares the USBR input ground motions and the DY NA3D ground motions at the base
of the dam. The vertical ground motions compare very well, but the DY NA3D ground
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motions appear to be larger for the horizontal components, especially between 0.5 and 1
second period. When deconvolving the ground motions, the USBR used damping in the
horizontal directions. Therefore, mass proportiona damping was placed into the
DYNAZ3D finite element model in an attempt to get a better comparison. 3.4% damping
for the first mode of Morrow Point Dam was used. Figure 15 compares the USBR input
ground motions with the DYNA3D ground motions gathered from the finite element
model with mass proportional damping. A better agreement occurs for the horizontal
components. Figure 16 compares the USBR ground motions with the DY NA3D ground
motions gathered from the simplified foundation model and the topographically correct
foundation model. The topography tends to lessen the response across the entire spectrum
at the base of the dam. Thistendsto be especially true for the horizontal components.
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FIGURE 14. Comparison between USBR input ground motions and DYNA3D
ground motions at base of dam. The DYNA3D simulation does not include
damping.
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FIGURE 15. Comparison between USBR input ground motions and DYNA3D
ground motions at base of dam. The DYNA3D simulation includes 3.4% damping
for first mode of Morrow Point Dam.
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FIGURE 16. Comparison between USBR input ground motions, DYNA3D ground
motions at base of dam using simplified foundation, and DYNA3D ground motions
using topogr aphically correct foundation. The DYNA3D simulation includes 3.4%
damping for first mode of Morrow Point Dam.




3.0 Contraction Joint Detall

The computational model must be initialized to represent the existing dead loads on the
structure, and the stress field caused by the dead loads. To achieve the correct dead |oad
stress field due to gravity and hydrostatic load, the computer model must account for the
manner in which the dams were constructed. Similar to the situation of modeling cable
supported bridges, construction of a dam finite element model with the correct as-built
geometry of the dam structure and simply “turning on” gravity in the computer model will
generaly lead to an incorrect initial stress field in the structure. The sequence of seg-
mented lifts typical of dam construction has a significant impact on the static stress fields
induced in the dam. For the Morrow Point Dam for example, the structure was constructed
with aternating concrete lifts (Figure 17 and Figure 18). The dam is a highly segmented
structure with the vertical segments of the dam in contact across vertical contraction
joints. The global dam model must adequately represent the construction sequence and it
must also account for the interaction between the adjacent dam segments across the dam
contraction joints.

The dimensions of the Morrow Point Dam are shown in Figure 19. Morrow Point is avery
thin arch with double curvature. The dam thickness at the crest is 3.7 m (12 ft.) and the
thickness at the base is 16 m (52 ft.). The dam structure consists of a number of vertical
blocks which are in contact across the vertically extending contraction joints in the dam.
The vertical contraction joints of the dam are keyed to enhance shear transfer normal to
the face of the dam. A typical contraction joint detail is shown in Figure 20. Under service
load conditions of gravity and hydrostatic loading, the contraction joints are under a state
of high compression.
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staggered lifts

FIGURE 17. Construction photo of the Morrow Point Dam.
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FIGURE 18. Construction photo of the Morrow Point Dam.
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3.1 Discrete Element Contraction Joint M odel

During the first phase of this study, the modeling of the contraction joints included utiliz-
ing various combinations of contact surface models and discrete elements (i.e. essentially
a two force member which applies a user specified force - displacement relationship
between two specified nodes) to model the contact and connectivity across the expansion
joint. A requirement of the contraction joint model was that the contraction joints allow
free relative motion in a vertical direction between adjacent dam segments as the gravity
dead load was applied. This relative motion prevents the generation of large vertical direc-
tion shear stresses which transfer large loads to the upper abutment region of the dam -
which the actual construction process prevents. For the dead load initialization, a model
was constructed for the NIKE3D implicit finite element program. The contraction joints
were modeled with frictionless contact surfaces for the NIKE3D initialization. This pre-
vents friction between adjacent blocks as the dead loads are applied and does not allow
inter-block vertical shears to develop. To obtain displacement compatibility in the direc-
tion normal to the dam, discrete elements were placed across each interface to transfer
stresses between blocks in the normal direction. The discrete elements only allowed com-
pression, so that tensile forces were not generated across the contraction jointsif they were
to open. Figure 21 describesin detail how the discrete elements were used in conjunction
with the dliding interfaces for both the NIKE3D and DYNA3D models. Ten discrete
springs - five for each side - were model ed approximately every 30 vertical feet along each
vertical contraction joint. In addition, during the NIKE3D static initialization, a “sliding
with voids’ interface without friction was used along the contraction joints. The springs
were model ed such that they could not resist [oads in tension, but they could resist loadsin
compression. In compression, they were given an extremely high stiffness of 1.0E+09 Ibs/
in. in order to resist the compression forces when the dam blocks or contraction joints
were placed in shear. The diding interface was used so that penetration of the contraction
joints would not occur. During the seismic analysis, a friction value of 0.3 was used
between the vertical joints.

Small deformation contact problems can be numerically challenging for implicit programs
with penalty based contact algorithms. Careful validation must be carried out for a partic-
ular problem to ensure the contact surface can open freely, without sticking, and that
appropriate compatibility between adjacent segments is obtained when the surfaces come
into contact. The ability of the NIKE3D contact surfaces to perform as intended was care-
fully validated with a series of push-pull tests for segments of the dam structure. The con-
tact surfaces were subjected to a series of opening and closing cycles to validate the
performance as indicated in Figure 23. With appropriate penalty stiffnesses and nonlinear
iteration convergence tolerances, the NIKE3D contact surfaces worked quite well for nor-
mal contact. The performance of the joint model in the direction tangent to the joint is
shown in Figure 22, and the appropriate compatibility in the direction tangent to the sur-
faceis correctly represented.
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NIKE3D/DYNA3D Joint Model

Slide Surface Type 3: Sliding with
Gaps

Slide Surface Friction: 0.0 for
NIKE3D and 0.3 for DYNA3D
Discrete Springs modeled between
joints: 10 springs modeled every
30ft. (vertically)

compression || k= 1.0e+09

contraction joint in shear

discrete
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___ springintension
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== didesurface

contraction joint in tension

discrete
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) D . Q).
‘l 3 D > °

o% o ° D
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FIGURE 21. NIKE3D and DYNA3D vertical contraction joint modeling.
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3.2 Contact Algorithm for Beveled Contraction Joints

Although the discrete element representation for the contraction joints worked very well,
they still could not represent the true behavior of the contraction joints. Due to the geom-
etry of the shear keys, if a dight opening formed along a contraction joint, the vertical
blocks could move in the upstream-downstream direction only a little before contacting
the shear keys again. In redlity, a 6 inch opening would have to occur before the joints
could freely move in the upstream-downstream direction. The discrete elements could not
model thisbehavior. If an opening occurred along ajoint, the blocks were virtually free to
move in the upstream-downstream direction. Therefore, one of the objectives of Phase 1
was to modify the existing NIKE3D and DY NA3D contact surfaces to allow appropriate
modeling of the available shear transfer across the contraction joints.

A finite element formulation has been proposed and implemented by Lau, et. a. [Ref 7]
for the case of rectangular cross-section keys. For keys of rectangular cross-section, the
kinematics are much simplified because lateral motion is prohibited even when thejoint is
partially open. In the case of beveled cross-sections, the joint may move a restricted
amount laterally as a function of the joint separation.

The following presents the formulation of a contraction joint model for the analysis of
beveled contraction joints, based upon the general mechanics and resulting finite element
implementation used in NIKE3D.

3.3 General Contact Mechanics

Consider contact between two bodies B”, o running from 1 to 2. Let the position of a
material point in the reference configuration for body B” be denoted by X*. One hasthat
X* < QF, where Q is open on set of pointsin R"(n = 2 or 3) defining the reference
configuration at time t.

Themotion x* = “(X% t) maps pointsin the reference configuration Qg into pointsin
the current configuration Q% another open set of pointsin R", at timet. The motion is

assumed to be smooth and invertible, that is J* = det(F*)>0, where
0
Fa:_

o

x%(X% t). The boundary of each body is denoted by 0Q* with outward unit

normal n%.

The bodies are equipped with a mass density p* and a constitutive response %, which is

afunction of x“(x“, t) itsderivatives, and itstime history. It isassumed that massis con-
served, such that p, = p|to = pJ. For each body the boundary may be partitioned into




sections Ty and T, where T} UT, = 9Q”. Note that one does not have necessarily
that T, N Ty = @.

Given prescribed boundary tractions t* on Ty, prescribed displacements * on Ty, and

aprescribed body force b* over Q% the equations of motion can be written

div(c) +pb = px®e Q°

c*-n% =t on ry (EQ7)

o

X" =X on r;

A weighted-residual form of the above equations can be written, for x* satisfying EQ. 7a
apriori, as

J.—csa -grad(w®) + p*b* - w*dQ + Jia -wdl = J px dQvw" (EQ?9)
Q re Q°

For certain choices of boundary tractions and constitutive laws, EQ. 8 is derivable from an
energy functional by setting w* = §x*, the first variation of the motion.

The contact constraint arises from the principle of impenetrability of matter, which states
that one must have Q*NQP =@ for al time However, one may have
Q% Q" = @. DefineT, = 2Q* N aQP.

General contact mechanics constructs a function g” upon each surface 9Q” to measure

the relative satisfaction of the constraint at aparticular point x* € 9Q“. Therearevarious
ways of defining such afunction. In general the function must satisfy:

g% >0 Q% QP = 3, 00% M 90 = @) (out-of -contact)
g% =0 (% QP = 3, 30% ~ 90" = @) (contact) (EQ9)
g% <0 (Q% A QP = &) (penetration)

Onetypical choice (and that used here) is the “ closest-point projection”

o

g% = (x*=xP) - nP such that (x* = x*yxn® = 0. (EQ 10)
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The point xP projected from the surface point x* along the normal nP is called the nor-
mal projection from x* and denoted by x" = n%(x%). Note that one has the referential
material coordinate X” defined by the projection n* (holding X* fixed) as

XP = P, b (EQ11)

The portion of the boundary where g* = 0 isdenoted by Ty . Note that

xtz (< = tPa®(xt)) when g% # 0 (in general),
g%(xY) = g’ (n%(x1)) when g% = 0 (in general), 012
x' = (<Y = 2Pr*(xh) when g* = 0,

g*<h = Pr®xh)) when g® = 0.

Notethat T = TP Ingeneral T isnot known beforehand. A portion of " is denoted
by T}, the region of “potential contact” such that it is assumed that T'; < T') always.
Note that because T, is unknown beforehand, and is in general a function of time, 1“(;.

Note that F[;;t I, unlessitispossibletoset 'y = Ty = T apriori, that is T isknown
beforehand.

A pressure p” is developed over Fg that resists penetration, and satisfies (in the absence

of cohesion) p“ >0, p“g” = 0, that isthe pressureis always positive, and is zero outside
I'c , the actual region of contact. The resulting surface traction vector is —p”n®. Balance

of linear momentum across T, = T = TP implies that here p* = p° = p, because

when g = g% = ¢® = 0 it can be shown for smooth surfaces that n* = —n®. Because

of the relationship between g and gB , one can similarly construct a single pressure func-
tion p that satisfies pg” = pg = 0.

If friction is present, a tangential traction t; is also developed to resist relative diding.
Typicaly t; is modelled using a constitutive law similar to that used for plasticity. Up
until some threshold value, t; acts asa L agrange multiplier to prevent relative sliding.
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Define V1, the referential velocity of x? asit dides past the contact point defined by Xl,
and the corresponding referential tangential stress T

y = ed, ol
T dt (EQ13)

In the friction theory presented in [Ref 9] and utilized in NIKE3D, the following constitu-

tive assumption is made, where a penalty regularization of the frictional stick constraint is
implemented:

@] = [T¢|-pp=0

Ty 1 dT¢

Vi=SE {ar) (EQ14)
(20
oL = 0

Define §X? as the variational changein G , the material point on surface 2 determined by
the projection rcl(xl) ,that is

5X% = 8tV = 8l (rt o), H| (EQ 15)

Then, asin [Ref 9], the variational form for the equations of motion can be written

2
Y [ graddx” +pb” - 5x*dQ" - [t*-8xdr = [ pdg+ T 8X%dr
oa=1Q" Fta Iy (EQ 16)
f Spgdl =0
T

p

3.4 Modelling Small-Scale Surface Features

When it is not desirable, either because of computational limitations or in the quest for
simplification, to model interface geometry directly, one may replace the constraint func-

tion g in equations EQ. 16 with some other constraint function. In this way, one can

model the gross geometry of the contact interface as a smooth body, In general, one would
have

g = f(g, x5 XL FLE X3 FA (EQ 17)

The function § may serve to model the evolution and/or interaction of asperities, the
behavior of surface layers (gaskets, etc.), and/or the presence of boundary lubrication. For
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instance, one may model the presence of a (comparatively) hard thin layer of constant
thickness d covering a (comparatively) soft interior by modelling the deformation of the
soft interior and setting

g=g9-d (EQ18)

The enforcement of § = 0 effectively forces the two surfaces to be separated by a con-
stant amount d.

One complicating factor in the introduction of afunction § isthe fact that one may or may
not have (depending on the form of §)

90" = 0o g (x™) = 0 (EQ19)

Unfortunately, in general except when the surfaces are paralel, the projection nl(xl) is
not one-one (see EQ. 12). Effectively, then, the requirement of EQ. 19 restricts the func-
tion § to the form of EQ. 18.

Since this is too restrictive, it is necessary to choose § to be based explicitly on either g”

or gB. For subsequent developments, it will be assumed that the choice of surface 1,

g= gl, and the projection x> = nl(xl) has been made. Explicit referenceto gl, gl will
henceforth not be made for smplicity. Define

I cTpsuchthat § = {§(g'(x), X', X), x € T} (EQ 20)

where subsequent attention is focused on afunction of the form,

g' = f(g, x5 X5 (EQ21)

The dependence on the reference coordinates Xl, G provides the ability to model surface
asperities, and t alows these asperities to evolve as a function of time,

With § of the form of EQ. 21 the weighted-residual form (without friction) follows as

2

Y [ Q%o graddx” + pb® - 3x"d” ~ [*- 5x7dr = | p(aigag ¥ izgsxz)dr
o=1Q" l"f‘ T 9 X (EQ 22)
j dpadr =0

Ly

In the above 8X° represents the change in the reference coordinate X? aris ng from the

projection x> = n(xl):
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§X? = S[X"l(nl(xl), t)]|X1 (EQ 23)
Assuming § isformulated with respect to surface 1, §X' =0 apriori.

3.5 Modedling Friction

In order to incorporate friction into the model, it is necessary to consider dlip tangential to

the § = O plane. Therefore, it is necessary to define this tangent plane. Again restricting

attention to § of the form of EQ. 21, fix attention to a particular material point xt.
Assumethat § = 0 initially, and take the variation of § using EQ. 21.:

0g +—=0X (EQ 24)

where X is determined by EQ. 23. Note that sX' =0 apriori because § is defined
with respect to material points on surface 1.

Let

NI

of

x>

Jof| = ((g_;)i

Now define the tangent variational directions 77 and the normal variational direction N

with referenceto (0g, 8X2) :

2J
(EQ25)
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e
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oX

(EQ 26)

N

of of
199 5x?

[of]l
Note that

(Dg, 5x1" = sn |2 OF | 41

Dg, AT = /2L 2" | #2 =0

99" 5x2

1]:1

2

]

(D, 5] = 57{8‘: of } = 50 %0

L (EQ27)

b

—
—>

[
11
Q,

~1

1
=1

—|>

—
Z>
[S—

[T, T ]=0

[T ,N1 =0

(75,81 =0
Remembering from EQ. 16, in a friction scheme for standard contact the contribution by
the frictional tractionsis T - §X? = 8tT - V. Analogous to this, define the two compo-

nents of the referential dlip velocity as (fixing the material point Xl) as
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~ -2.TA
V=g X T

2 2. T2 (FQ28)
Vo=1g X1 T
Then one can write the variational slip distances with éY as
88, = 5tV, = [5g, X% T
Tao (EQ29)
88, = 5tV, = [5g,6X°] T

Now, in the same fashion as T+ in EQ. 13 one can introduce T+ with components T, and

- - 12 .22
T, and norm 1Tl = (Tl) + (T2) such that africtional law analogous to EQ. 14 can be
written

YRR T e\dT (EQ30)
(>0
®L = 0

Note that in EQ. 30, the response p has been multiplied by |9f]| , in order to use some-
thing analogous to the actual contact pressure.

Having defined these quantities, the weighted-residual form with friction can be written

2
D j Q%% graddx® + pb” - x*dQ* — j t*. 8x™dr =

a=10" re
J a A a A~ 2 A 2 TA'\{
p| 5089+ —80X" + T,[8g,8X"] T"|dI (EQ31)
\9gT T Hx?
| 8pgdr >0
Iy

3.6 Modelling the Contraction Joint

Section 3.4 on page 47 provided the general basis for constructing a function §. Lau, et.
a. [Ref 7] constructed a suitable model for a contraction joint with square keys. This
effectively limited the motion (up until complete separation) to purely transverse motion.
This paper is concerned with more general forms of the contraction joint, in which partial
separation alows for motion in both the lateral and transverse directions.
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Concrete arch dams are constructed with vertical contraction joints separating the con-
crete monoliths that make up the dam Figure 28. The joints are planar, running approxi-
mately in the radial direction. In the kinds of joints this paper is concerned with, the con-
traction joints are beveled structures with the bevels of constant, approximately sinusoidal
cross-section when viewed from the top, which allow the concrete monoliths to slide verti-
cally but not laterally (see Figure 29) when the joint is completely closed. However, lim-
ited lateral motion is possible if the joint becomes partially open.

The following assumptions will therefore be made regarding §. Define T (Figure 28) as

the direction along which the keys are allowed to slide relative to one another. Define T
asthe direction along which the keys constrain the slide surface (see Figure 29). Note that

(1) Tg and T\ arereferential quantities.
(2) For each arch dam T is a constant, independent of the slideline.

(3) For each arch dam T, is constant for each slideline, but T, for one sideline may be

different than T, for another slideline.

Hence, along each slidesurface one can define at a particular contact point, given the refer-
ential coordinates X and X2, the quantities

sp = X" T
(EQ32)

o

ol
s; = X7 Ty

Then, since the height of the keys is dependent only on the position relative to the T
direction, one has the general form for § as

g = f(g, S% Sé) (EQ 33)

Now consider Figure 30, which represents a one-dimensional slice of a particular slidesur-
face in the reference configuration. Each slidesurface has a sinusoidal variation about the

midsurface with amplitude A*, period 2%, and phase C%, such that the distance d”

above or below the midsurface o is
d”* = A"cos(B”s, + C") (EQ34)

In the reference configuration, one has s% = sg = s and the mid-surfaces of the two
slidesurfaces coincide, such that

d%s) +dP(s) = ovs (EQ 35)
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Thisistrue of A' = —AZ = A, B = B? = B, and C* = C% = C. For smplicity, set
C = 0. Therefore, when the two surfaces are parallel one can write the vertical distance
between the two surfaces as

d= g—dl—d2 = g—Acos(Bs%) + Acos(Bsg) (EQ 36)
Note that in the reference configuration g = d = 0. This suggests the following restric-

tion for §

§(0, S5, 3) = gwhens, = 5 (EQ37)

Now consider Figure 31. The slidesurfaces have moved vertically away from each other
but remain parallel, such that their mid-surfaces are a constant distance g away from each
other. The mid-surfaces have not stretched, however, they have displaced laterally, such

that thevalue d = sg - s; isconstant. Asinthefigure, asafirst cut, take § asequal to d
in EQ. 36, that is

0 = g—A(cos( Bs;) — cos( Bsg)) (EQ 38)
As expected, this function satisfies the requirements of EQ. 33 and EQ. 37.

By inspection it is easy to see that for constant g and parallel surfaces, one cannot have
g = constant = O for § of theform of EQ. 38. Given therestriction § = 0 and assum-

ing constant g, one hasasafunction of D = sg - s% that [Figure 32]

g=2A sm(-B—ZQ)| (EQ39)
N 21 .
where § = 0 occursat B intervals of
_ *n-BD
1= ~oR (EQ40)

Since the goal of the modelling is to allow for the behavior of the shear keys to in some
manner be accounted for even though the contact discretization is much coarser than their

frequency, it may not be desirable to use afunction § of the form of EQ. 38, since for uni-
form diding with a coarse mesh, the contact points where EQ. 40 may not be resolved,
and hence the uniform g of EQ. 39 may not be determined.

Alternatively, consider the following possibilities

g =9g-2A sin(B(sg—si)) (EQ 41)
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g= g—A(l—cos(sg—sé)) (EQ 42)

EQ. 41 identically tracks EQ. 39 for § = 0, and satisfies restrictions (EQ. 33) and

(EQ. 37). However, it has non-smooth derivatives at sg = s% and hence is difficult to use

in implicit calculations where this retards convergence since the stiffness matrix is non-
smooth (as numerical experiments have confirmed). The alternative of EQ. 42 provides a
rough simulation of the behavior of EQ. 41 without the non-smoothness. The difference
between EQ. 42 and EQ. 41 is illustrated by Figure 33. Other possibilities would be
smooth approximations (better than EQ. 42) of EQ. 41.

Sincein al three cases § isafunction of sg only, the directions are simplified to

Tt = [0, T

of of }
- —T
2 k
2 [aszag

L (EQ43)

of of }
—,—=1
9 2 k
- [ag s,
lof]
The weighted-residual form can therefore be smplified to

2
Y [ Q%—c”- graddx” + pb”- 8x"dQ" — [t*- 8x"dr =

o=1Q% ry
_[ p[ 98g + 9652 + 1,855+ T,[80, 85T, 1T ]dl‘ (EQ 44)
S2
| 8pgdr >0
Iy

3.7 Finite Element Implementation

The formulation was implemented into NIKE3D and DY NA3D as an option to dlideline
type 3. Usersinput T, A, B, and whether they wish to use § of the form of EQ. 42
(method 1), EQ. 41 (method 2), or EQ. 38 (method 3). For each dideline atwo-pass algo-

rithm is used, where contact is calculated aternatively taking the master or the slave sur-
face as surface 1.




Asdescribed in [Ref 14], contact in NIKE3D is enforced via a penaty method. The same
penalty method is used here, except that § is substituted for g, that is

P = ey(0 (EQ 45)

Nodal collocation is used for the integrals along the surface I", such that for N the num-
ber of contact nodes

J p[i@ + 0 gos) + T35 + Toldg 6s§Tk]Tf2]dr -
N (EQ 46)

. . - . T2
3. w{o{ o0+ L g0+ Tuost+ Tatsa oy )

node |

where the weight functions w' are arbitrari ly taken to be 1.

Asin [Ref 14], thefrictional stressisupdated in NIKE3D and DY NA3D using a predictor-
corrector algorithm. One first computes atrial state

pn+l = 8N<gn+1>

. ) -
[Tyhne1 = (Tyln*elGns 1= (X Tns 1= [X*In) [T 1n] (EQ47)
(@4, = [T]-uldtl,py.

Note that T/ and [|of| are calculated with respect to time n to simplify the resulting
equations and provide for better linearization. It should be noted that in the standard con-
tact algorithm it is necessary to project T, calculated at time n onto the new metric at

time n+1. Since T, and T, remain constant across a sideline, this is not necessary
here.

The dlip condition ((Dn+1)trial is then checked. If itisnot violated, thetrial values of ‘T’Y

are accepted, el se the following return-mapping algorithm isimplemented for the dlip state
~ _ wloflprseg o tria
T, = S
A tria Y
(ITln+ 0

The contact residual and stiffness follow from the developments in [Ref 14] with the fol-
lowing notes

(EQ49)
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8 = T _sg

g™
x>
8, = Ty = -8L"
g™
2 , (EQ49)
ASS. = TS.BLA(& y+T, 9 X 798 AL
g™ 9E™"9g
ASS = T .%A(sg )+ Ty 0X’ 5" AEP
‘o T

\.

FIGURE 24. Reference and Current Configurations for Two-Body Contact.
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FIGURE 25. Closest-point projection.

. . 1 2
FIGURE 26. Closest-point projection g # 0 .
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FIGURE 27. Small-scale surface kinematics.
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FIGURE 28. Typical arch dam, front, showing vertical contraction joints and
direction Ty.
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FIGURE 29. Typical arch dam contraction joints, view from top, showing direction Tk-
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increasing s2
rldrbinderiin &

Surface 1

increasing sl
it

FIGURE 30. Arch dam contraction joint, reference configuration.
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FIGURE 31. Arch dam contraction joint, displaced vertically by g and horizontally by Sg - Si.
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FIGURE 32. Arch dam contraction joint, displaced vertically by g and horizontally by Sg - Si
suchthat d = O at certain points.

Comparison

f(gamma)

FIGURE 33. Comparison of two different possibilitiesfor §.
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4.0 Finite Element Verification Studies

One of the main concerns during this project, which the second phase of the study
addressed, was that LLNL was using an extremely complex finite element model with
some features that hadn’t been widely used in NIKE3D or DYNA3D. To verify that the
finite element model would be providing a reasonable estimation of the response, verifica-
tion studies were completed for various aspects of the analysis.

4.1 Fluid Modeling

To ensure that we could model the water explicitly, instead of using a hydrostatic load and
a Westergaard Added Mass approach, two verification problems were studied - one for
NIKE3D and one for DYNA3D. The NIKE3D fluid modeling verification problem con-
sisted of a stedl rectangular box filled with water. Both the box and the water were mod-
eled using 8-node hexahedral elements. The goal of this problem was to verify that we
would indeed get the correct hydrostatic loading on the steel box. If the hydrostatic load-
ing is placed on the structure using a linearly varying pressure boundary condition, the
maximum effective stress of the box is 42.3 psi. If NIKE3D “water type” elements are
used, the maximum effective stress of the box is42.1 psi. To model the water in NIKE3D,
an elastic material (material type 1 in NIKE3D) was used with the following material
properties:

TABLE 2. Material properties of NIKE3D fluid elements

Material Property Valure (Ibs, sec, in)
Elastic Modulus 189.7
Poisson’s Ratio 0.4999

Mass Density 9.333E-05

Using the definition for the bulk modulus

E

K= 3029

(EQ50)

the bulk modulus results in a value of 316,166.67 psi, where the true bulk modulus of
fresh water is 316,100 psi. Figure 34 shows the box and the stresses caused by a pressure
boundary condition or by using a“nearly incompressible” fluid element.

In order to verify that DY NA3D could reasonably model the sloshing of the water within
the canyon during an earthquake using the fluid material in DYNA3D, R.D. Blevins pro-
vides analytical solutions to the sloshing modes of water in arectangular tank in his book
“Formulas for Natural Frequency and Mode Shape’[Ref 1]. For arectangular tank filled
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with the water shown in Figure 35, the fundamental period of the water is calculated
(using Blevins' formulas) to be 2.74 seconds. By dloshing a box filled with water in
DYNAZ3D, atime history of the vertical displacement of the water can be gathered. Thisis
shown in Figure 35. By measuring the time between peaks, one can determine the funda-

mental period to be approximately 2.5 seconds, which is in reasonal be agreement with the
analytical solution.
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FIGURE 34. a) Von Mises stress of steel box loaded with a hydrostatic
pressure; b.) von Mises stress of steel box loaded using NIKE3D water type
elements
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FIGURE 35. a)
analysis; b.) vertical displacement time history of water in DYNA3D finite

element analysis.




4.2 Block Sliding Test

Because contact surfaces are used extensively in every finite element model, it was impor-
tant to validate the DYNAS3D contact surfaces against either experimental results or
against an analytical solution. The USBR supplied LLNL with a contact problem that
could be solved analytically. Figure 36 shows the finite element model of the verification
problem. This problem consists of a 10 ft. by 10ft. 150,000 Ib. block resting against two
planar surfacesthat have different friction angles. A 270 kip load is applied to the centroid
of the block for 0.5 seconds and the block is allowed to come to rest. The same loading
condition is applied in the reverse direction. The block should come to rest at the same
location it started from.

By using the following equations:

_(Fy=Fy)
a=——= Newtons Second Law
1(F -yt . . . Eesy
Xf = Xo+ Vol + 5" One Dimensional Motion of Particle
F.d; = F,d, Conservation of Work

one can cal cul ate a maximum displacement of the block to be 9.15 feet, a maximum calcu-

lated velocity of 16.2 ft/sec, and a maximum calculated initial acceleration of 32.4 ft/sec?.
The results of the finite element analysis are shown in Figure 37. The maximum displace-
ment from the finite element analysis was 9.26 ft, a 1.2% difference. In addition, the block
came back to a displacement of -1.49E-02 ft, very close to the expected value of 0.0 ft.
The velocities and accel erations were al'so very close to the analytical results.
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Z Displacement vs. Time
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FIGURE 37.a.) zdisplacement time history of block; b.) z velocity time history
of block; c.) z acceleration time history of block.




4.3 Contraction Joint Moddl Tests

Two more tests were completed to determine if the new contraction joint sliding interfaces
were indeed working as intended. The first test studied two dam-size blocks, of similar
sizeto that of Morrow Point Dam, where one block was pushed past the other block. The
second test compared the stress states in the Morrow Point Dam finite element model.
One model used the well-verified discrete elements between the contraction joints, and the
second model used the contraction joint dliding interfaces for every vertical joint surface
in Morrow Point Dam.

4.3.1 Two (dam-size) blocks sliding past each other

Figure 39 shows a pictorial time history of the one block sliding past the other block. As
the one block is being pushed past the other, the shear keys cause the block to be pushed
outward. Because of the transverse pressure placed on the block being pushed, it is
allowed to dide back into another shear key and contact the adjacent block. The time his-
tory of the transverse displacement plotted against the upstream-downstream displacement
as well as a pictorial description of the Morrow Point shear keys is shown in Figure 38.
By comparing the plan view of the shear keys and the displacement time history, the sid-
ing interface does a good job of representing the behavior of the shear keys without having
to explicitly model them using finite elements.
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FIGURE 39. Time history of dam-size blocks moving past each other
(displacement scale factor in transversedirection = 5.0).
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4.3.2 Comparison between discrete springs and contraction joint slide surface

During the first phase of this study, the discrete springs that were used to model the con-
traction joints were examined closely to verify that they reproduced reasonable results
(Section 3.1 on page 29). Another test problem to verify whether the new contact inter-
face was calculating good results, was to compare the Morrow Point Dam model that used
discrete elements to amodel that used the new contact surfaces. The loading on the model
consisted of gravity and hydrostatic |oads with the base of the dam fixed in all three coor-
dinate directions. The resulting first principal stresses for both models are compared in
Figure 40. Asyou can see from the figure, there is not much difference in stress between
the two models.
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FIGURE 40. a.) NIKE3D dtatic initialization with discrete springs; b.) NIKE3D
static initialization with contraction joint slide surface.
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5.0 Nonlinear Finite Element M odel of Morrow Point Dam

A wide variety of finite element models were used for this study. The following is abrief
list of some of the features used in the finite element models (Note: not all of these fea-
tures were used in every finite element model):

1. Westergaard added mass for fluid-structure interaction

2. Water explicitly modeled using an elastic material in NIKE3D and a fluid material in
DYNA3D

Vertical contraction joints

Topographically accurate flexible foundation

L eft abutment wedge explicitly represented

Ground motions input as either base accelerations or force time histories
Non-reflecting boundaries

Sliding contact between reservoir/foundation and reservoir/dam

© © N o g bk~ W

Transmitting boundary on upstream side of reservoir

10.Hydrostatic uplift along wedge and foundation contacts

11.Thermal load applied to dam to represent a low-temperature condition
12.Concrete damage plasticity model used for dam

13.Tied with failure slide surface for dam/foundation contact interface

Figure 42 shows the construction plans of Morrow Point Dam, which assisted LLNL in
constructing the finite element model geometry in the TrueGrid mesh generator.

5.1 Fluid Modeling in NIKE3D and DY NA3D

In 1933, professor H.M. Westergaard first established arational standard procedure to take
into account the hydrodynamic loadings on gravity dams during earthquakes [Ref 6]. The
concept of added mass, which he introduced for the incompressible water reservair,
greatly simplified the analysis procedure of the response of a dam considering hydrody-
namic effects during earthquakes. Westergaard's assumptions were the following:

e dam wasidealized as a 2-dimensional rigid monolith with vertical upstream face;

¢ thereservoir extendsto infinity in the upstream direction;

o displacements of fluid particles are small;

¢ surface waves are ignored;

e only horizontal ground motion in the upstream-downstream direction is considered.

He approximated the pressure solution for an incompressible reservoir with a parabola.
He observed that the “pressures are the same as if a certain body of water were forced to
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move back and forth with the dam while the remainder of the reservoir is left inactive’.
Westergaard suggested that the dynamic pressure could be expressed as.

p, = gawA/H(H—z = gp'r'gA/H(H—z) (EQ52)

where

a = horizontal ground acceleration, in units of g

w = unit weight of water

'r'g = horizontal ground acceleration

p = unit mass of water

H = depth of reservoir above the base of the dam

z = distance from the base of the dam

p, = hydrodynamic pressure at height z from the base of the dam, applied normally to the
dam face.

EQ. 52 indicates that the hydrodynamic pressure exerted normally on the upstream face of
the dam, is equivalent to the inertiaforce of aprismatic body of water of unit cross-section

and length gA/H (H —2) attached firmly to the face of the dam, and moving with the dam

back and forth in the direction normal to the face of the dam. This body of water is the
“added mass’ applied by the reservoir to the dam (Figure 41).

Yy o

FIGURE 41. a.) Pictorial added mass for gravity dam; b). pictorial added mass for
double-curvature arch dam.
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5.2 Contraction Joint Finite Element M odel with Rigid Foundation and
Westergaard Added Mass

For this finite element model, the base of the dam is considered fixed in all three direc-
tions. This finite element model consists of 23,195 brick elements and either 1,640 dis-
crete elements to model the contact and connectivity across the expansion joints or it can
use the contraction joint contact surfaces (see Figure 43). A requirement of the contrac-
tion joint model was that the contraction joints allow free relative motion in a vertical
direction between adjacent dam segments as the gravity dead load was applied. Thisrela-
tive motion prevents the generation of large vertical direction shear stresses which transfer
large loads to the upper abutment region of the dam - which the actual construction pro-
cess of the dam prevents. The contraction joints were modeled with frictionless contact
surfaces for the NIKE3D dtatic initialization. This prevents friction between adjacent
blocks as the dead loads are applied and does not allow inter-block vertical shears to
develop. During the seismic analysis stage, an assumed coefficient of friction value of 0.3
is added to the contraction joint contact surfaces. To simulate the influence of the fluid on
the dam structure, Westergaard added mass was included into this finite element model.

]

i
T TTTT
THH

FIGURE 43. Contraction joint finite element model with rigid foundation.

5.3 Contraction Joint Finite Element Model with Flexible Foundation
and Westergaard Added Mass

This model consists of the same dam model as that described in Section 5.2, but instead of
having afixed base it has a flexible foundation. To achieve an accurate geology topogra-
phy for the finite element model, a 1983 USGS topographic map was scanned and used to
generate an IGES surface for the TrueGrid mesh generator. Figure 44 shows the topo-
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graphic map used and the generated three-dimensional IGES surface. Thismodel consists
of approximately 101,000 brick elements and 1,640 discrete elements (see Figure 45). To
connect the dam model to the foundation model, atied slide surface was used. This model
also used Westergaard added mass to simulate the fluid-structure interaction.
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FIGURE 44. |GES surface for TrueGrid mesh generation used USGS 1983

topographic map.
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FIGURE 45. Contraction joint finite
mass and flexible foundation.

5.4 Contraction Joint Finite Element Model with Flexible Foundation
and Water Explicitly Modeled

Figure 46 and Figure 47 shows this finite element model, which is the same as that in
Section 5.3, except the water is now explicitly modeled instead of using Westergaard
added mass for the fluid-structure interaction. For the static initialization in the NIKE3D
implicit finite element program, an elastic material was used to model the water. A low
elastic modulus of 189.7 psi and a high poisson’s ratio of 0.4999 were used to achieve a
low shear modulus and the bulk modulus of fresh water. For the seismic analysis, which
was done using the DY NA3D explicit finite element program, the fluid material (Material
9) and an equation of state, which specified the bulk modulus, were used to model the
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water. A pressure cutoff and viscosity coefficient of 0.0 were assumed. A complete list-
ing of al of the material properties used are given in Table 3 on page 80.

TABLE 3. Material Propertiesfor finite element models

Material Property

Value (Ibs, in, sec)

Elastic Modulus of Concrete
Poisson’s Ratio of Concrete
Mass Density of Concrete
Elastic Modulus of Foundation for Models 2 and 3
Poisson’s Ratio of Foundation for Models 2,3, and 4
Elastic Modulus of Water for NIKE3D Program
Poisson’s Ratio of Water for NIKE3D Program
Mass Density of Water
Bulk Modulus of Water

Elastic Modulus of Foundation for Model 4

4.769E+06 psi
0.15
2.2500E-04 |bs-sec2/in4
4.769E+06 psi
0.2
189.7 psi
0.4999
9.3330E-05 |bs-sec2/in4
316,100 psi

3.338E+06

To connect the water to the foundation in this model, atied slide surfacewasused. A dlid-
ing with voids slide surface, however, was used between the water and the dam. Thiswas
done so that the water could slide downwards next to the dam during the gravity initializa-
tion, preventing any unwanted stresses to be formed on the dam surface. During the sec-
ond phase of this project, both the reservoir/foundation and reservoir/dam contact surfaces
were changed to a dliding only (with no gaps) slide surface for both the static and seismic
anayses. The finite element model does a good job of representing the actual reservoir/
foundation contact geometry, asis shown in Figure 48.
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FIGURE 46. Contraction joint finite element model with flexible foundation and

water explicitly modeled.
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FIGURE 47. Close-up view of contraction joint finite element model with
flexible foundation and water explicitly modeled.




FIGURE 48. a.) Plan view of contraction joint finite element model with flexible
foundation and water explicitly modeled; b) aerial photograph of Morrow Point
Dam and Reservoir.

5.5 Contraction Joint Finite Element Model with Flexible Foundation,
Water Explicitly Modeled, and L eft Abutment Wedge

This finite element model is similar to that described in Section 5.4, except that it now
includes a new feature called an abutment wedge. This wedge, or large rock, in the foun-
dation is defined by three foliation planes - abase plane, side plane, and release plane. A
plan view of the left abutment wedge in relation to the footprint or foundation of Morrow
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Point Dam isgiven in Figure 49. Table 4 and Table 5 detail the features used to define the
left abutment wedge and the wedge plane orientations. To assist in modeling the abutment
wedge, the USBR provided LLNL with coordinates and unit normals (see Table 6) to be
used in TrueGrid for defining the foliation planes or the contact surfaces this abutment
wedge dlides along. Figure 50 shows the finite element model with the abutment wedge
modeled. A transition region was used to connect the larger elements of the foundation
with the smaller elements of the abutment wedge. A tied slide surface was used between
the foundation and transition region. During the static initialization in NIKE3D, a tied
dlide surface was used between the wedge and transition region. For the seismic analysis
in DYNAS3D, this slide surface was changed to a sliding with voids surface with a high
coefficient of friction. The coefficient of friction values used are given in Table 6.

BASE PLANE SURFACE TRACE:
wedge 1

wedge 2

wedge 3

wedge 4

RELEASE PLANE:
wedge 1
wedge 2
wedge 3
wedge 4

COMMON SIDE PLANE

40 0 40 80 120 . .
iii Lol I I ! Footprint of Morrow Point
SCALE IN FEET

FIGURE 49. Plan view of left abutment wedge 3.




TABLE 4. Left Abutment Wedge Boundaries

Features Used to Define L eft Abutment Wedges
Wedge
Base Plane Side Plane Release Plane
1 Foliation 3 Joint 2 Joint Set B
2 Foliation 3A Joint 2 Joint Set B
3 Foliation 4 Joint 2 Joint Set B
4 Foliation 5 Joint 2 Joint Set B

TABLE 5. Left Abutment Wedge Plane Orientations

Wedge Plane Orientation

Wedge Plane Type? N

Strike-Dip Dip/Dip-
Direction

BASE N25°E30°SE 30/115

1 SIDE N65°W9o0° 90/25

RELEASE N36°E90° 90/306

2 BASE N25°PE35°SE 35/115

3 BASE N30°W34°NE 34/60

4 BASE N33°E39°SE 39/123

a. The planetypesin red define left abutment wedge 3.




TABLE 6. NIKE3D and DYNA3D L eft Abutment Wedge Definitions.2

Unit Normal (LLNL coor dinates)

DYNA3D
Plane t direc- Str -down- Friction
ransverse direc upsiream-dow vertical direction
tion stream direction
SIDE -0.97905 0.20364 0.0 0.84
RELEASE -0.38672 -0.92221 0.0 0.84
BASE -0.04874 0.24731 0.96771 0.51

a. Apex Coordinates. (286.33, -75.29, 188.3)
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left abutment wedge 3

[ mesh transition region

FIGURE 50. Morrow Point Dam finite element model with flexible foundation,
water explicitly modeled, and left abutment wedge.
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5.6 Homogeneous Finite Element M odel

Figure 51 shows a homogeneous finite element model of Morrow Point Dam, or a model
that does not include the vertical contraction joints. This model was used in conjunction
with the water explicitly modeled and aflexible foundation to assist in validation and com-
parison with other finite element programs, such as EACD.

Y
N
ﬁt‘)‘ii’l:ii

;I‘
S
7

FIGURE 51. Homogeneous finite element model.

6.0 Finite Element Analysis Proceduresof Morrow Point Dam

Two finite element analysis procedures were employed for this study. The first procedure
was the base acceleration method. This used a fixed bottom boundary and base accelera-
tionsto excite the earthquake motions. The second method, the force time history method,
used a non-reflecting boundary condition at the bottom boundary and force time histories
instead of base accelerations to excite the structural models. Force time histories were
used because base accelerations and non-refl ecting boundaries cannot be used in conjunc-
tion with each other.

7.0 Procedurefor Base Acceleration M ethod

The finite element procedure for the base acceleration method is graphically presented in
Figure52. First, the NIKE3D and DYNAS3D finite element models are generated using
the TrueGrid mesh generator. Once the models are generated, a static gravity initialization
is performed using the NIKE3D implicit finite element program. The bottom of the foun-
dation has been fixed in the vertical direction for this analysis and the sides of the founda-
tion have been given a zero displacement controlled boundary condition in the direction
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normal to the foundation. NIKE3D computes reaction forces for nodal degrees of freedom
with prescribed displacement boundary conditions. The reason for using boundary condi-
tions on the sides of the foundation is that the canyon would open up during the gravity
initialization without them, resulting in very high stresses in the dam. Displacement
boundary conditions were used instead of fixed boundary conditions, because the
DY NA3D model uses nonreflecting boundary conditions on these same sides. Nonreflect-
ing boundary conditions do not work with fixed boundary conditions, but will work if
reaction forces have been placed at the same location as the nonreflecting boundary condi-
tions. After the static initialization, the reaction forces from the zero displacement bound-
ary conditions are gathered and imported into the DY NA3D finite element model. The
seismic analyses are run using the DY NA3D explicit finite element program. The founda-
tion has been completely fixed in al directions at the bottom of the dam. 3.3% mass pro-
portional damping for the fundamental mode has been assumed for all analyses presented
in this study. Once the analyses are complete, the post-processor GRIZ is used to view
and analyze the results.
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e zero displacement control boundary conditions were used on the entire outer founda-
tion boundary (including the bottom surface)

¢ non-reflecting boundary conditions were used on the entire outer foundation boundary
in DYNA3D

¢ the nodal forces from NIKE3D’s displacement control boundary conditions were
imported into DY NA3D and implemented on the bottom surface as well as the sides of
the foundation mesh

e 3 components of force time histories were applied to the base, instead of base accelera-
tions, for the seismic analysisin DY NA3D

Please review Section 2.1 on how to calculate the force time histories used for this proce-
dure. It should be noted that because the non-reflecting boundary conditions resist the
forces being applied at the base of the foundation, an additional force was applied to the
base in order to take that into account.

91




N
(]

th

1on wi

ni-

ization fileinto DYNA3D

Boundary

ion
dal
forcesand NIKE3D stressi

t

1Zal

edure for

NSRS
NRES

X .Nn 0y
%
K

10N NO

AN

2

3

RS

3
o

N

D
NS
ON
o

=
R
X
S
X

D
N

SIS proc

LTI 77
£ AT
5K =
LA
K
N,
%
%

O
O

oy
X

\

R
R
:\\
o

R
XK

S
z\‘\

o
G

3
I niti
lacement Control B.C.'s

=

R

N

t foundat

Py
) =

R

DYNA3D results

IC

A\
S
A
oo
XX
N

L
xR

=
N
oS

7
8

7
i
7
7

18

7
7

Outer Foundat

ire
ion

i
7
7
i

%
e
oot

o/

2

7}

ing

g

impor

0

o
oorerss
sy
/
7

7

/%
tl

use Griz for post-processing the

Ire

4

%
7

7

7

YA A T T
ST IIT I
X KK ZZ 22T L T T
XXXITZ T2

X o 2T 7 7

%

Sz

sfor ent
te element analy

s

=
S

xS

AT 7 7
ST F T TT
AT

ni

outer foundat

g
T
5
e

boundary

b.c’

NIKE3D Stat
Zero Disp
On Ent

0
0
%

%

=
=
SN
R

=
3
2
SN
K
N
R

X%
=
S
RS
3
N

SRR — o
S s SSS S S SSSS SIS
K% S S S SSSSSSSSSS 2L
B SRS O S S
e, G e e s
IS e
L SARSEK, (@]
200, A
R K
90
RESLRS >
IS 0 =
WA .
%% 7] c [

R
R
R
N
N

XX

R

3

ime
applied to base

AR
NN

XX

R

Seismic Analysis

3 components of

FIGURE 53. Morrow Point Dam f

R

%
R

/4,
L
7y

& \
S AW %Y, H W Y77
e, m 5% TN NI -
SRRGIIAREEK S5 5 R I3 (O]
et () SRS S
BRI o0 BRSSPI HRDN o
K 2705 = AR S SRR SCERIN 5
9 20% I A S S R —
1920 2922%, S RSSO
2o L2 227 R K A X A R R o +—
S = AKX XSO
K S, RIS A XS RN Y— @
K e RSN SIS IEIN "
e SR . AN SR SIS o
Wgtora B IR IR
KR O AN RIS ISR
55 O 3 e o 2o 303%s —
LR OO & ) Zeceeeao e sateds,
%, %% SRR
Y 945055 S e
0 89500052 R I e e
9% %%: PR R =
9% %20e20%, [ SRS 232K y—
e = SRR
TR SESS &
2% o S
5 3

Z
4

N

3
%S

7
O e
O T
o
N L i

2

N

gather all calculated foundation
nodal forcesfrom zero displacement
control boundary conditions for use

SN

SN
X

NN

NIKE3D and DYNA3D Mesh
Generation Using TrueGri

% N f
ST 72 S 3o
NSRS Sz WSS P T ]
POPRES N e
137 WEZ AT FFF AT
K T
%

=

I FF TR IFFFZT T
S e e

s




8.0 Natural Modeshapes and Frequencies of Morrow Point Dam

To assist in validating the finite element models, a number of eigenanalyses were com-
pleted and the results were compared with those computed by Fenves et al [Ref 5], Tan
and Chopra [Ref 16], and Duron and Hall [Ref 4]. Furthermore, Duron and Hall per-
formed forced vibration tests on Morrow Point Dam using two Kinemetrics vibration gen-
erators (5000 Ib force capacity each) placed side by side on the dam crest at the center of
the dam. Symmetric responses were obtained by shaking in the upstream-downstream
direction, and antisymmetric responses were obtained by shaking in the cross canyon
direction. The modal results from the literature and Duron and Hall’s experimental data
along with LLNL’s eigenvalue analyses are compared in Figure54. To calculate the
mode shapes and frequencies, gravity and hydrostatic loads were placed on the structural
model using NIKE3D. Once the static initialization was complete, an eigenanalysis could
be completed using NIKE3D and the stress and displacement fields cal culated by the static
analysis. It should be noted that the coefficient of friction for the contraction joints was
0.0 for the static initialization and 0.3 for the eigenvalue analysis. Three finite element
models were studied

1. contraction joint slide surface model with empty reservoir and fixed base
2. contraction joint slide surface model with diagonal added mass and fixed base
3. homogeneous/monolithic model with diagonal added mass and fixed base

The modeshapes and frequencies for both the contraction joint slide surface model with
diagona added mass and the homogeneous/monolithic model with diagonal added mass
are given in Figure 55 and Figure 56. Table 7 compares the frequencies of four different
NIKE3D finite element models and Table 8 compares the NIKE3D results with the exper-
imentally determined frequencies. The*S’ and “A” determinations on the values given in
the table correspond to a symmetric or an antisymmetric response. By examining the data,
it can be concluded that the contraction joint slide surfaces have the effect of lowering the
frequencies in comparison to the results from a model that uses discrete elements. By
comparing the contraction joint models to that of the homogeneous/monolithic model, the
contraction joints appear to make the structure more flexible. In addition, the homoge-
neous model appears to match the experimentaly determined fundamental model,
whereas the contraction joint model more closely matches better with the second symmet-
ric mode. Finadly, the reservoir has the effect of lowering the natural frequencies of the
structure.
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Model: 251 hz

Mode?2: 259 hz

Mode3: 3.9hz

Mode4: 4.2hz

Mode5: 4.8hz

FIGURE 55. Modeshapes for contraction joint slide surface model with

diagonal added mass.
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Model: 2.84 hz Mode 2: 3.01hz

Mode3: 4.4 hz Mode4: 49hz

Mode5: 5.8hz

FIGURE 56. Modeshapes for homogeneousmonaolithic model with diagonal
added mass.
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TABLE 7. Comparison of NIKE3D calculated modeshapes and frequencies.

NIKE3D Frequencies (hz)

Model with Model with Model with Homogeneous/
Discrete Elements . Contraction Joint ) g_
Mode Discrete Elements . Monolithic M odel
and No Added and Added Mass Slide Surfaces and and Added Mass
M ass Added Mass
1 4.2 (A) 2.56 (9 251 (A) 2.84(9)
2 4.4 (9) 2.76 (A) 2.59 (S 3.01 (A)
3 6.4 (S) 39(9 39(S 4.4(9)
4 6.9 (9 4.3(9 4.2(9 49(9
5 8.2(A) 5.3 (A) 4.8 (A) 5.76 (A)

TABLE 8. Comparison of NIKE3D modelswith experimental data.

Duron and Hall Homogenous/ Model_ W'th.
: S Contraction Joint
Moaode Experimental MonolithicM odel :
Data with Added Mass /4@ Surfaces
and Added Mass
1 2.95(9) 2.84 () 259 ()
2 3.3(A) 3.01(A) 251 (A)
3 3.95(9) 4.4 (9) 3.9(9
4 54(S) 49 (9 4.2 (9

5 6.21 5.76 (A) 48(A)
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9.0 FreeVibrational Studies of Morrow Point Dam

A NIKE3D eigenvaue analysis was performed on the homogeneous/monolithic finite ele-
ment models that included both the water explicitly modeled and the flexible foundation;
however, the water modes were the most dominant modes and it became too difficult to
find the important structura modes. Therefore, the fundamental frequencies (of this
model) were attempted to be found by exciting afree vibrational response of the dam. The
first and second symmetric mode are extremely similar, and it became difficult to excite
the first symmetric mode. Two analyses were completed. The first was able to recover the
second symmetric mode and because of the very clean response of the top center of the
dam, the damping in the structural model was easily verified. The second free vibration
analysis was able to show the first mode of the structure. Figure 57 shows the response
shapes for the first three symmetric modes that were experimentally and computationally
observed by Duron and Hall. Note the similarities between the first and the second modes.

Ist RESONANCE

2nd RESONANCE

3rd RESONANCE

FIGURE 57. Measured (solid) and computed (dashed) response shapes at the first three
resonances of the symmetric shake. Shown are the radial component of acceleration at the
dam crest (left) and center cantilever (middle) and the hydrodynamic pressure at center block
(right) [Ref 4].
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9.1 Lineforcesramped up over 4 seconds

The finite element model for this free vibration test is the homogeneous/monolithic dam
model with the water explicitly modeled and a flexible foundation. The left abutment
wedge was tied to the foundation with atied contact surface for thisanalysis. To achievea
free vibrational response of the dam, forces were applied at the centerline of the dam and
ramped up over 4 seconds and then released (see Figure 58). The upstream-downstream
displacement time history for a node at top center is shown in Figure59. For lightly
damped systems the damping ratio can be determined from [Ref 2]

u.
Z;:i.ln '

21 Uiy q

(EQ 53)

By placing the displacements at the different peaks into this equation, the damping for the
first two cycles were 5.1%, a reasonable damping value for this type of motion. A Fast
Fourier Transform (FFT) was also completed on the upstream-downstream displacement
time history (Figure 59). Thefirst mode that appearsisamode at 4.37 hz. This correlates
well with the second symmetric mode of the homogeneous/monolithic model that had a
fixed base and diagonal added mass. A comparison of the mode shapes for the homoge-
neous model with Westergaard added mass and the free vibrational response is shown in
Figure 60. The free vibrational response was scaled by 1500 and the mode shapes were
scaled by 1.5. The free vibrational response appears to more closely resemble the third
mode of the homogeneous model with Westergaard added mass and a fixed base. There-
fore, the objective of the second free vibration test was to excite more of the first mode.

9.2 Pressureat top of dam ramped up over 4 seconds

In an attempt to excite more of the first mode, a region that encompasses the top center of
the dam was loaded with a pressure ramped up over 4 seconds and then released
(Figure 61). An FFT was also calculated for the upstream-downstream displacement time
history at the top center node of the model. Four peaks were observed at 2.73 hz, 3.1 hz,
3.6 hz, and 4.4 hz. The 2.73 hz mode could easily correspond to the first mode observed
in the homogeneous/monolithic model with Westergaard added mass. The fundamental
frequency calculated using this model was 2.84 hz. The 3.1 hz and 4.4 hz peak could also
correspond with the first antisymmetric mode and the second symmetric mode from the
monolithic Westergaard added mass model. The Westergaard added mass model calcu-
lated these frequenciesto be 3.01 and 4.4 hz.
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10.0 NIKE3D Static I nitialization

The gravity initialized model serves as the starting point for any additional simulations of
the dam structure. The gravity initialization results in a static stress field and deformed
geometry in the dam structure. Simple diagnostics of theinitialized dam model, including
the dam states of stress and natural vibrational characteristics, can be examined for areal-
ity check. The entire dam structure is nominally in a state of high compression, with evi-
dence of some tensile stresses at the upstream toe of the dam. With the expansion joint
idealization explained in a previous section, the dam stresses resulting from gravity and
hydrostatic loading for five different finite element models are as shown in Figure 62. The
peak tensile stresses in the structure are near the unconfined tensile strength of concrete,
but the area over which thisis the case is very limited, and the stresses appear nominally.
In addition, the static initialization stress state for the discrete element models and the
models that use the contraction joint slide surface are very similar. It isalso interesting to
note that the region of high stresses seem to decrease when using a flexible foundation
rather than afixed base foundation.
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TABLE 1. Comparison of NIKE3D static initialization stress state.

Finite Element
M odel

NIKE3D stress state using
discrete elements

NIKE3D stress state using
contraction joint interface

Contraction Joint
Finite Element
Model with Rigid
Foundation and
Westergaard
Added Mass

Contraction Joint
Finite Element
Model with Flexi-
ble Foundation
and Westergaard
Added Mass

Simulation Not Analyzed

Contraction Joint
Finite Element
Model with Flexi-
ble Foundation
and Water Explic-
itly Modeled

Simulation Not Analyzed

Contraction Joint
Finite Element
Model with Flexi-
ble Foundation,
Water Explicitly
Modeled, and L eft
Abutment Wedge

Homogeneous/
Monalithic Finite
Element Mod€
with Flexible
Foundation,
Water Explicitly
Modeled, and L eft
Abutment Wedge

. Maximum tensile stress > 600 psi

FIGURE 62. Tensile stresses at the toe of the dam after gravity initialization of the model.
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11.0 Transient Response of Morrow Point Dam to Earthquake Ground
Motions

For the following transient analyses, the Cerro Prieto earthquake ground motions were
used [Ref 12]. Each analysis was statically initialized using the NIKE3D implicit finite
element program for both gravity and hydrostatic loads. Once the NIKE3D analyses was
complete, a NIKE3D stress binary file, which contained stresses and displacements from
the static initialization, was used as input into DYNA3D. This statically initialized state
would be the first state in the DYNA3D explicit analysis. For each model described, a
mass proportional damping of 3.3-3.4% for the first mode was used. It should be noted
that NIKE3D and DY NA3D both output an extensive amount of data for each analysis.
Thefollowing isalist of the datathat was compiled for each analysis:

e maximum principal stresses (principal stress 1 and 3) and maximum arch and cantilever
stresses

o peak displacementsin the upstream-downstream, cross canyon, and vertical directions
for the top center node of the dam

e peak contraction joint openings for two locations on the dam - the dam center and dam
guarter point (NOTE: the gap openings were calculated by differencing the cross can-
yon component of displacement and only gives an approximation of the gap openings.)

o displacement time histories for the top center node of the dam and gap opening time
histories for the dam center and dam quarter point.

11.1 Phase1 Modedls

As discussed previously, there were two phases to this seismic study. The phase 1 finite
element models focused on studying the differences between using a fixed base approach
or aflexible foundation and a so using Westergaard added mass versus modeling the reser-
voir explicitly. In addition, the phase 1 models allowed the opportunity to study the differ-
ences in using deconvolved ground motions as well as the response of the left abutment
wedge. For the finite element models that explicitly modeled the reservoir, the reservoir
was considered tied to the foundation with a sliding with voids slide surface between the
reservoir and dam. In addition, the reservoir was restrained at the edge of the finite ele-
ment model using atranslational boundary condition; hence, there was a non-transmitting
boundary at the far upstream side of the reservoir.

11.1.1 Rigid Foundation with Westergaard Added Mass

This model had arigid foundation modeled by fixing the base of the dam finite element
model and used Westergaard added mass for the fluid structure interaction. Because the
base of the dam was fixed, the base accelerations given to LLNL by USBR could be used
directly without deconvolving them or changing them to force time histories. This model
also included discrete springs to model the behavior of the contraction joints. The peak
upstream-downstream displacement was determined to be 3.5 inches. The maximum con-
traction joint opening was 0.29 inches at the dam quarter point. Table 2 lists the peak
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stresses for both the static and dynamic analyses and the peak displacements. Figure 62
shows the gap opening time histories for the dam center and dam quarter point and shows
the displacement time histories for the top center node of the dam. It should be noted that
for al of the analyses considered here, the majority of the peak stresses occurred at the
base or toe of the dam aong the dam/foundation boundary. These stresses are highly
localized and are not indicative of the stressfield in the entire dam structure. For complete
understanding of the stresses within the structure, it is important to review the stress time
histories graphically.

TABLE 2. Seismic Analysis Resultsfor Model with Rigid Foundation and
Westergaard Added Mass

Analysis Type Description Value (Ibs, in, sec)
Tension 495
Cantilever
Compression 1250
Tension 596
Static Arch

Compression 710

Max Principal Stress 1 676

Max Principal Stress 3 1690
Tension 1840 (t=6.09 sec)

Cantilever
Compression 2050 (t=7.32 sex)
Tension 1580 (t=6.09 sec)
Static & Dynamic Arch
Compression 2700 (t=5.43 sec)
Max Principal Stress 1 2210 (t=6.09 sec)
Max Principa Stress 3 2960 (t=7.32 sec)
Max Upstream-Downstream Displacement 3.5(5.34 sec)
Max Cross Canyon Displacement -0.27 (t=7.34 sex)
Max Vertical Displacement 0.85 (t=5.35 sex)
Dynamic
Max Contraction Joint Opening at Dam 0.17 (t=5.82 sec)
Center
Max Contraction Joint Opening at Dam _

Quarter Point 0.29 (=581 sec)
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11.1.2 Flexible Foundation with Westergaard Added M ass

This model consisted of the dam finite element model tied to aflexible foundation using a
tied contact surface in both NIKE3D and DYNA3D and used Westergaard added mass.
This ssimulation also used the discrete springs to model the contraction joint behavior and
used the base acceleration procedure; therefore, it had a reflecting boundary at the base of
the foundation. Deconvolved ground motions were not used for this simulation. The peak
displacement in the upstream-downstream direction was 7.4 inches and the peak contrac-
tion joint opening was 0.61 inches at the dam quarter point. The peak displacement is
much larger than the analysis in Section 11.1.1 due to the use of a reflective boundary at
the base and the use of non-deconvolved ground motions. A summary of the displace-
ments and stresses are given in Table 3 and Figure 63.

TABLE 3. Seismic Analysis Results for Model with Flexible Foundation and
Westergaard Added Mass

Analysis Type Description Value (Ibs, in, sec)
Tension 368
Cantilever
Compression 1260
Tension 623
Static Arch
Compression 910
Max Principal Stress 1 647
Max Principal Stress 3 1630
Tension 2050 (t=7.32 sex)
Cantilever
Compression 4120 (t=7.33 sec)
Tension 1690 (t=6.72 sec)
Static & Dynamic Arch
Compression 3540 (t=6.52 sec)
Max Principal Stress 1 2800 (t=5.33 sex)
Max Principal Stress 3 4460 (t=7.33 sex)
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TABLE 3. Seismic Analysis Resultsfor Model with Flexible Foundation and
Westergaard Added Mass

Analysis Type Description Value (Ibs, in, sec)

Max Upstream-Downstream Displacement 7.4 (t=6.33 sec)

Max Cross Canyon Displacement 1.8 (t=6.76 sec)

Max Vertical Displacement 1.4 (t=6.33 sec)

Dynamic

Max Contraction Joint Opening at Dam

Centor 0.58 (=7.69 sec)

Max Contraction Joint Opening at Dam

Quarter Point 0.61 (1=6.77 sec)
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11.1.3 Flexible Foundation with Water Explicitly M odeled

Thisanalysisis primarily the same asin Section 11.1.2 except that the reservoir effects are
simulated by explicitly modeling the reservoir. The peak displacement is 14.1 inches and
the maximum contraction joint opening is 4.97 inches at the dam quarter point (Table 4
and Figure 64). The much larger displacements appear to be caused by both the non-
transmitting boundary at the base and the non-deconvolved ground motions with the fluid
material enhancing these large displacements further than that seen in Section 11.1.2.

TABLE 4. Seismic Analysis Resultsfor M odel with Flexible Foundation and Water
Explicitly Modeled

Analysis Type Description Value (Ibs, in, sec)
Tension 454
Cantilever
Compression 1360
Tension 505
Static Arch
Compression 1020
Max Principal Stress 1 620
Max Principal Stress 3 1790
Tension 3060 (t=7.69 sec)
Cantilever
Compression 5610 (t=7.67 sec)
Tension 3520 (t=1.57 sec)
Static & Dynamic Arch
Compression 5770 (t=7.98 sec)
Max Principal Stress 1 3770 (t=1.57 sec)
Max Principal Stress 3 6100 (t=7.67 sec)
Max Upstream-Downstream Displacement 14.1 (t=7.78 sec)
Max Cross Canyon Displacement 3.8 (t=6.6 sex)
Max Vertical Displacement 1.66 (t=6.64 sec)
Dynamic
Max Contraction Joint Opening at Dam 0.84 (t=7.8 sec)
Center
Max Contraction Joint Opening at Dam _
Quarter Point 497 (t=7.78 se¢)
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11.1.4 Flexible Foundation with Water Explicitly M odeled, Abutment Wedge
Modeled, and Using Deconvolved Ground Motions

The finite element model for this analysis consisted of the dam (contraction joints mod-
eled using discrete springs) tied to a flexible foundation, with the water explicitly modeled
using a fluid material, and the left abutment wedge modeled. It should be noted that the
left abutment wedge in this model used an older definition of the geometry or foliation
planes than that described in Section 5.5 [Ref 13]. The coefficient of friction values did
remain the same between the older definition and the updated definition of the abutment
wedge. In addition, this model used the deconvolved ground motions determined by
USBR [Ref 12]. However, this model used the base acceleration procedure and therefore
had a reflective boundary at the base, which could amplify the dam motions somewhat.
The stresses and displacements from this analysis are shown in Table5 and Figure 65.
The peak displacement was determined to be 5.27 inches and the peak contraction joint
opening was 0.46 inches (dam quarter point). The deconvolved ground motions appear to
have reduced the response of the dam, but the response is still greater than the fixed base
model. Thisis most likely due to the non-transmitting boundary at the base.

The permanent wedge displacement in the cross canyon direction is 0.51 inches. To ana-
lyze the wedge, the wedge is considered tied to the foundation and dam in the NIKE3D
static initialization. When the seismic analysis beginsin DY NA3D, the wedge is rel eased
from the foundation by using a sliding with voids dliding interface at the three foliation
planes. The friction values are also added at this point in the analysis. For this DYNA3D
simulation, the wedge remains to be tied to the dam structure with atied contact surface.
Phase 2 will show simulations where the wedge is allowed to move freely from both the
foundation and the dam structure. Figure 66 shows the wedge displacement time histories
for the downstream corner of the abutment wedge.

TABLE 5. Seismic Analysis Resultsfor M odel with Flexible Foundation, Water
Explicitly Modeled, and L eft Abutment Wedge

Analysis Type Description Value (Ibs, in, sec)
Tension 531
Cantilever
Compression 1610
Tension 590
Static Arch

Compression 2110

Max Principal Stress 1 927
Max Principal Stress 3 2430
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TABLE 5. Seismic Analysis Resultsfor Model with Flexible Foundation, Water

Explicitly Modeled, and L eft Abutment Wedge

Analysis Type Description Value (Ibs, in, sec)
Tension 1440 (t=6.73 sec)
Cantilever
Compression 2530 (t=6.53 sec)
Tension 1210 (t=1.51 sec)
Static & Dynamic Arch
Compression 3430 (t=6.83 sex)

Max Principal Stress 1

2590 (t=6.71 sec)

Max Principal Stress3

3640 (t=6.82 sec)

Dynamic

Max Upstream-Downstream Displacement

5.27 (t=6.64 sec)

Max Cross Canyon Displacement

0.79 (t=6.98 sec)

Max Vertical Displacement

0.78 (t=64 sec

Max Contraction Joint Opening at Dam
Center

0.45 (t=6.62 sec)

Max Contraction Joint Opening at Dam

Quarter Point 0.46 (t=6.62 sec)
Permanent Wedge Displacement in 0.07
Upstream-Downstream Direction ’
Permanent Wedge Displacement in Cross
o 0.51
Canyon Direction
Permanent Wedge Displacement in Verti- 0.06

cal Direction
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11.2 Phase 2 Models

All of the phase 2 models incorporated a flexible foundation and an explicit reservoir
model. One of the objectives of this second phase of the study was to start with a simple
model and include more features or complexity in each analysis after the first in order to
analyze the effects of each model feature. The left abutment wedge model for al of the
phase 2 models was defined by the updated geometry, which is described in more detail in
Section 5.5. Furthermore, all of the phase 2 models used the deconvolved ground motions
and the force time history analysis procedure. Therefore, the reflecting boundary at the
base has been effectively removed from these models. In contrast to the phase 1 models, a
non-transmitting boundary was placed at the far upstream side of the reservoir and a dlid-
ing only contact was used between the reservoir/dam and reservoir/foundation surfaces.
For the phase 2 analyses that model the contraction joints, the joints are modeled using the
contraction joint interface and not the discrete springs.

11.2.1 Modd 1: Homogeneous/Monolithic Dam

This model consisted of a homogeneous/monolithic dam model tied to a flexible founda-
tion with the water explicitly modeled. In addition, the abutment wedge was tied to the
foundation and tied to the dam. The peak displacement in the upstream-downstream
direction is 2.76 inches, which islower than the phase 1 model that used arigid foundation
and Westergaard added mass. Table 6 shows the peak displacements and stresses and
Figure 67 shows the displacement time histories of the top center dam node.

TABLE 6. Seismic Analysis Resultsfor Model 1

Analysis Type Description Value (Ibs, in, sec)
Max Principal Stress 1 613
Static
Max Principal Stress 3 2270
Max Principal Stress 1 1580 (t=6.73 sec)

Static & Dynamic
Max Principal Stress 3 3810 (t=6.14 sex)

Max Upstream-Downstream Displacement 2.76 (t=6.49 sec)

Dynamic Max Cross Canyon Displacement -0.7 (t=8.78 sec)

Max Vertical Displacement 0.26 (t=7.4 sec)
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FIGURE 67. Displacement time histories for model 1.

11.2.2 Modd 2: Modé with Contraction Joints and Wedge Fixed

Model 2 consists of the contraction joint dam model with a flexible foundation, the water
explicitly modeled and the abutment wedge fixed to the foundation and tied to the dam.
Essentially this analysisisthe same as that described in Section 11.2.1 except that the con-
traction joints are modeled using the new contraction joint siide surface. The peak
upstream-downstream displacement is 2.6 inches and the peak contraction joint opening at
the dam quarter point is 0.052 inches. Analyzing the simulation carefully, however,
revealed a peak contraction joint opening near the left abutment of 0.375 inches. Table 7
and Figure 68 show the stresses and displacements from this analysis. As one may notice
from the gap opening time histories, there appears to be a “gap” in both the negative and
positive directions. This is mainly due to an artifact of how the gaps were calculated.
Because the gaps were calculated simply by taking the difference in cross canyon dis-
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placements from two coincident nodes on a contraction joint along the upstream side of
the dam, the response of the nodes can be one of two things:

¢ the two nodes along the contraction joint separate giving either a positive or negative
number (depending on the coordinate system being used and which node is differenced
from the other).

¢ or the two nodes can dlide past each other in the upstream-downstream direction and
therefore it can appear that one node (because of the curved geometry of the dam) has
moved more in the cross canyon direction than the other, giving a gap of opposite sign
than if the two nodes had actually separated.

TABLE 7. Seismic Analysis Resultsfor Model 2

Analysis Type Description Value (Ibs, in, sec)
Tension 1500
Cantilever
Compression 2470
Tension 615
Static Arch
Compression 3540
Max Principal Stress 1 2110
Max Principal Stress3 4230
Tension 1410 (t=6.6 sec)
Cantilever
Compression 2830 (t=6.64 sec)
Tension 2280 (t=1.84 sex)
Static & Dynamic Arch
Compression 2710 (t=4.76 sec)
Max Principal Stress 1 2540 (t=1.84 sec)
Max Principal Stress3 3780 (t=4.7 sec)
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TABLE 7. Seismic Analysis Resultsfor Model 2

Analysis Type Description Value (Ibs, in, sec)
Max Upstream-Downstream Displacement 2.6 (t=6.55 sec)
Max Cross Canyon Displacement 0.97 (t=6.62 sec)
Max Vertical Displacement 0.51 (t=6.61 sec)

Dynamic Max Contraction Joint Opening at Dam 0.0425 (t=6.59 sec)

Center

Max Contraction Joint Opening at Dam
Quarter Point

0.052 (t=7.77 sec)

Max Contraction Joint Opening Near Left
Abutment

0.375 (t=6.58 sec)
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11.2.3 Model 3: Model with Contraction Joints and Wedge Not Fixed to Foundation

The only difference between model 3 and model 2 is that the left abutment wedge was
allowed to dide freely from the foundation, but not the dam. In other words, there were
sliding with voids sliding interfaces between the wedge and the foundation and atied con-
tact surface between the dam and abutment wedge. The peak upstream-downstream dis-
placement was 2.73 inches and the peak contraction joint opening was 0.054 inches. In
addition, the permanent wedge displacement in the cross canyon direction was 0.4 inches,
which is less than that calculated from the phase 1 model (Section 11.1.4). The stresses
and displacement are shown in Table 8 and Figure 69. The abutment wedge corner dis-
placements are given in Figure 70.

TABLE 8. Seismic Analysis Resultsfor Model 3

Analysis Type Description Value (Ibs, in, sec)
Tension 1250
Cantilever
Compression 2310
Tension 589
Static Arch
Compression 3540
Max Principal Stress 1 1760
Max Principal Stress 3 3540
Tension 2590 (t=0.13 sec)
Cantilever
Compression 6630 (t=0.19 sec)
Tension 2530 (t=0.13 sex)
Static & Dynamic Arch
Compression 6660 (t=0.19 sec)
Max Principal Stress 1 3490 (t=0.13 sec)
Max Principa Stress 3 6070 (t=0.13 sec)
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TABLE 8. Seismic Analysis Resultsfor Model 3

Analysis Type Description Value (Ibs, in, sec)
Max Upstream-Downstream Displacement 2.73 (t=6.55 sec)
Max Cross Canyon Displacement 0.91 (t=6.63 sec)
Max Vertical Displacement 0.56 (t=6.61 sec)
Max Contraction Joint Opening at Dam 0.05 (t=6.58 sec)
Center
Dynamic Max Contraction Joint Qpenl ng at Dam 0.054 (t=6.58 550
Quarter Point
Permanent Wedge Displacement in 0.2
Upstream-Downstream Direction '
Permanent Wedge Displacement in Cross 04
Canyon Direction ’
Permanent Wedge Displacement in Verti- 0.04

cal Direction
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11.2.4 Model 3: Model with Contraction Jointsand Wedge Not Fixed to Foundation
or Dam

This model studied the effect of providing a sliding with voids slide surface between the
dam and the left abutment wedge. Therefore, the wedge in this model was allowed to
move freely from the dam and the foundation. A coefficient of friction value of 0.3 was
assumed between the dam and the wedge. The peak upstream-downstream displacement
of the top center of the dam increased from 2.73 inches to 2.83 inches and the permanent
wedge displacement in the cross canyon direction increased from 0.4 inches to 0.83 inches
(see Table 9, Figure 71, and Figure 72). By not restricting the wedge by placing adiding
with voids interface between the dam and wedge, the permanent wedge displacement
essentially doubled. The peak contraction joint opening near the left abutment was cal cu-
lated to be 0.65 inches, much larger than the opening calculated in model 2 of 0.375
inches.

TABLE 9. Seismic Analysis Resultsfor Model 3

Analysis Type Description Value (Ibs, in, sec)
Tension 1100
Cantilever
Compression 2170
Tension 625
Static Arch
Compression 2210
Max Principal Stress 1 1560
Max Principal Stress 3 3180
Tension 1300 (t=6.62 sec)
Cantilever
Compression 2750 (t=7.45 sec)
Tension 958 (t=9.29 sec)
Static & Dynamic Arch
Compression 2610 (t=4.76 sec)
Max Principal Stress 1 1940 (t=6.60 sec)
Max Principal Stress 3 3770 (t=4.76 sec)
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TABLE 9. Seismic Analysis Resultsfor Model 3

Analysis Type Description Value (Ibs, in, sec)

Max Upstream-Downstream Displacement 2.83 (t=6.55 sec)

Max Cross Canyon Displacement 0.92 (t=6.63 sec)

Max Vertical Displacement 0.59 (t=6.61 sec)
Max Contraction Joint Opening at Dam 0.052 (t=6.62 550

Center
Max Contraction Joint Opening at Dam _
Quarter Point 0.025 (t=6.54 sec)
Dynamic

Max Contraction Joint Opening Near Left
Abutment

0.65 (=6.56 seC)

Permanent Wedge Displacement in
Upstream-Downstream Direction

0.04

Permanent Wedge Displacement in Cross
Canyon Direction

0.83

Permanent Wedge Displacement in Verti-
cal Direction

0.008
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11.2.5 Modd 4: Mode of Foundation Only with Wedge Fixed

This model was used extensively to verify that the force time history procedure was indeed
working as intended. Aswe saw in Section 2.1, the topography had an effect of reducing
the response across the entire spectra at the base of the dam. In addition to verifying that
the force time histories applied at the base of the dam would give reasonable motions in
comparison to the USBR developed ground motions, a comparison was also completed
between using base accel erations, and therefore a non-transmitting boundary at the base of
the foundation, and using force time histories and a transmitting boundary at the base.
Figure 73 and Figure 74 show an acceleration and an acceleration response spectra com-
parison (at a node at the base of the dam) between the two procedures. The plots clearly
show that the response is higher when using a reflective boundary at the base. The higher
response is more pronounced in the upstream-downstream direction, as well.
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11.2.6 Modd 5: Modéel of Foundation Only with Wedge Not Fixed

There was a question as to whether or not the foundation wedge would slide on its own
during an earthquake without adding the forces from the dam and the reservoir. Therefore,
model 5 includes only the foundation and the left abutment wedge. The permanent wedge
displacement is 0.43 inches in the cross canyon direction (as shown in Figure 75 and
Table 10).
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TABLE 10. Seismic Analysis Resultsfor Model 5

Analysis Type Description Value (Ibs, in, sec)

Permanent Wedge Displacement in

Upstream-Downstream Direction 0.16

Dynamic Permanent Wedge Displacement in Cross 043
Canyon Direction

Permanent Wedge Displacement in Verti- 0.06

cal Direction

11.2.7 Modd 6: Model of Foundation and Wedge with Uplift Modeled Between the
Wedge and Foundation

Model 6 gave the opportunity to study the effect of hydrostatic uplift forces along the side,
release, and base planes of the left abutment wedge. The hydrostatic forces were provided
by USBR [Ref 13] and they were input into the finite element model as surface pressures.
The hydrostatic uplift pressures were statically initialized in NIKE3D along with the grav-
ity loads for thismodel. The permanent cross canyon wedge displacement at the corner of
the wedge was calculated to be 1.0 inches, much larger than the 0.43 inches calculated
using the model without uplift forces. Figure 76 and Table 11 show the displacements of
the left abutment wedge.
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TABLE 11. Seismic Analysis Resultsfor Model 6

Analysis Type Description Value (Ibs, in, sec)
Permanent Wedge Displacement in 021
Upstream-Downstream Direction ’
Dynamic Permanent Wedge DISP| ac_ement in Cross 10
Canyon Direction
Permanent Wedge Displacement in Verti- 0133

cal Direction

11.2.8 Model 7: Concrete Damage M odel

The objective of model 7 wasto study the severity of concrete damage that may occur dur-
ing an earthquake of this magnitude. This model is similar to model 3 except that a con-
crete plasticity constitutive model with damage was used for the concrete in the arch dam.
The unconfined compressive strength was chosen to be 6,500 psi and the unconfined ten-
sile strength was chosen to be 464 psi. These values correspond to the properties of the
WSMR-5 3/4 concrete material (a material that has been widely tested for use in this
material model). Table 12 shows a comparison between the WSMR material properties
and the Morrow Point 10 year core samples.

The concrete constitutive model used was DY NA3D’s Material Model 45. This concrete
model was developed by Javier Malvar, Jim Wesevich, and John Crawford of Karagozian
and Case, and Don Simon of Logicon RDA in support of the Defense Threat Reduction
Agency’s (DTRA) programs. The concrete model uses three independent fixed surfaces to
define the plastic behavior of concrete (see Figure 77). The three surfaces are defined by
pressure on the horizontal axis and deviatoric stress on the vertical axis. These three sur-
faces define three important regions of concrete behavior. It can be seen easily if one plots
the stress-strain response for a uniaxial unconfined compression test (see Figure 77). The
material response is considered linear up until point 1, or first yield. After yielding, ahard-
ening plasticity response occurs until point 2, or maximum strength, is reached. After
reaching a maximum strength, softening occurs until aresidual strength, which isbased on
the amount of concrete confinement, is obtained. For this analysis, complete concrete
damage will be defined as concrete which has reached the residual strength of the concrete
material, or point 3 on the uniaxial stress-strain curve. The post-processor will use the
color red to denote concrete which has reached point 3. Furthermore, this concrete mate-
rial model takes into account strain-rate enhancement. At high strain rates, the apparent
strength of concrete and the corresponding strain at peak stress both increase. For amore
detailed discussion on this concrete model, please refer to Appendix A. Because of the
complex nature of this constitutive model, two sample problems were run for this study to
convince the analyst that the model was working accurately. These are a single element
tensile test and a uniaxial unconfined compression test on atypical 6 x 12 in. cylinder (see
Figure 78). Both tests show that the material model is correctly simulating the input com-
pressive and tensile strengths.
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FIGURE 78. WSMR-5 3/4 concrete properties: a) plot of compressive meridians, b) single
element uniaxial tensile test with and without rate dependence (tensile strength = 464 psi); ¢)
description of unconfined uniaxial compressive test and plot of damage parameter 6 after
compressive failure; d) stress-strain plot of UUC test with and without rate dependence
(compressive strength = 6500 psi).

TABLE 12. DYNA3D concrete material properties compared with Morrow Point Dam
properties.

Morrow Point 10 year core

Concrete Properties WSMR-5 3/4 material

samples
unconfined compressive . .
strength 4590-9610 psi 6250 psi
unconfined tensile strength 106-309 psi 464 psi
elastic modulus 3.9x10° -5.6x10° psi 4.6x10° psi
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TABLE 12. DYNA3D concrete material properties compared with Morrow Point Dam
properties.

Morrow Point 10 year core

Concrete Properties WSMR-5 3/4 material

samples
Poisson’s Ratio 0.19-0.36 0.19
density 144.5-152.6 |b/ft3 141.7 1b/ft3

The results of this analysis are summarized in Table 13 and Figure 79 through Figure 81.
The peak upstream-downstream displacement at the top center point of the dam is 2.8
inches, which compares well with the 2.73 inches that was calculated using model 3. The
maximum contraction joint opening was still very low at a value of 0.05 inches and the
permanent wedge displacement was calculated to be 0.45 inches. It should be noted that
this model did not include a sliding with voids interface between the abutment and the
dam. However, if the stresses were large enough, the concrete could fail along the abut-
ment/dam boundary. Asyou can see from Figure 81, DYNA3D calculated virtually zero
damage in the dam.

TABLE 13. Seismic Analysis Results for Model 7

Analysis Type Description Value (Ibs, in, sec)
Tension 1250
Cantilever
Compression 2310
Tension 589
Static Arch

Compression 3540

Max Principal Stress 1 1760

Max Principal Stress 3 3540
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TABLE 13. Seismic Analysis Resultsfor Model 7

Analysis Type Description Value (Ibs, in, sec)
Max Upstream-Downstream Displacement 2.8 (t=6.54 sec)
Max Cross Canyon Displacement -1.0 (t=6.63 sec)
Max Vertical Displacement 0.55 (t= 6.61 sec)
Max Contraction Joint Opening at Dam 0.04 (t=6.58 sec)
Center
Dynamic Max Contraction Joint Qpenl ng at Dam 0.05 (6.59 s0)
Quarter Point
Permanent Wedge Displacement in 03
Upstream-Downstream Direction '
Permanent Wedge Displacement in Cross 0.45
Canyon Direction '
Permanent Wedge Displacement in Verti- 0.06

cal Direction
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11.2.9 Modd 8: Mode with Tied with Failure Slide Surface at the Foundation/Dam
Interface

Model 8 contains the contraction joint dam model with a flexible foundation, the water
explicitly modeled, and a tied with failure slide surface at the foundation/dam interface.
This model does not include the left abutment wedge. The NIKE3D static initialization
used a tied contact surface between the dam and the foundation. When the analysis was
restarted in DY NA3D, the contact interface was changed to atied with failure slide sur-
face. The tied with failure slide surface functions like the tied surface until the user pre-
scribed normal and shear failure stresses are exceeded. Thereafter, the side surface
functions as a dliding with voids slide surface. The normal and shear failure stresses were
assumed to be 600 and 1500 psi. The 600 psi normal failure stress was chosen because it
is closeto the tensile strength of concrete. A dlightly larger value than the tensile strength
was chosen to account for any slight rate enhancement that may occur during an earth-
guake. Choosing a shear strength is much harder due to the fact that it is very difficult to
measure the strength of concrete in pure shear directly. Mindess and Young suggest a
value of 20% of the compressive strength of concrete. However, they also note that “if
normal stresses are also acting, the shearing strength can be made to exceed the uniaxial
compressive strength” [Ref 9]. Multiplying 0.2 by 6,500 psi givesavalue of 1,300 psi. A
shear strength value of 1,500 psi was chosen for this analysis. The peak upstream-down-
stream displacement was determined to be 2.86 inches, which is dlightly larger than mod-
els 1 through models 7 (see Table 14 and Figure 82). The maximum contraction opening
was determined to be 0.076 inches at the dam center.

TABLE 14. Seismic Analysis Resultsfor Model 8

Analysis Type Description Value (Ibs, in, sec)
Tension 326
Cantilever
Compression 1400
Tension 591
Static Arch

Compression 1390
Max Principal Stress 1 1300
Max Principal Stress 3 3180
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TABLE 14. Seismic Analysis Resultsfor Model 8

Analysis Type Description Value (Ibs, in, sec)
Tension 1120 (t=7.47 sec)
Cantilever
Compression 2180 (t= 6.08 sec)
Tension 1520 (t=6.92 sec)
Static & Dynamic Arch
Compression 1890 (t=7.46 sec)

Max Principal Stress 1

1760 (t=7.48 sec)

Max Principal Stress 3

3180 (t=0.0 sec)

Dynamic

Max Upstream-Downstream Displacement

2.86 (t=6.57 se0)

Max Cross Canyon Displacement

1.53 (t=6.63 sec)

Max Vertical Displacement

0.54 (t=6.62 se0)

Max Contraction Joint Opening at Dam
Center

0.076 (t=7.83 sec)

Max Contraction Joint Opening at Dam
Quarter Point

0.07 (t=8.87 sec)
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11.2.10 Model 9: Model with Tied with Failure Slide Surface and Uplift at the
Foundation/Dam Interface

Mode 9 included the flexible foundation, water explicitly modeled, a tied with failure
dide surface and uplift pressures modeled at the dam/foundation interface. The peak
upstream-downstream displacement was calculated to be 2.84 inches and the maximum
contraction joint opening near the left abutment was 0.91 inches. This contraction joint
opening is much larger than that seen in model 2. Thislarge value for a contraction joint
opening suggests that the tied with failure slide surface and uplift pressures increase the
contraction joint openings, especialy near the left abutment. Table 15 and Figure 83 sum-
marize the analysis results for this finite element model.

TABLE 15. Seismic Analysis Results for Model 9

Analysis Type Description Value (Ibs, in, sec)
Tension 376
Cantilever
Compression 1450
Tension 471
Static Arch
Compression 855
Max Principal Stress 1 864
Max Principal Stress 3 1720
Tension 1160 (t=1.94 sec)
Cantilever
Compression 2030 (t=7.49 sec)
Tension 1620 (t=6.91 sec)
Static & Dynamic Arch
Compression 2040 (t=11.11 sec)
Max Principal Stress 1 1860 (t=6.74 sec)
Max Principal Stress 3 3720 (t=14.93 se)
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TABLE 15. Seismic Analysis Resultsfor Model 9

Analysis Type Description Value (Ibs, in, sec)
Max Upstream-Downstream Displacement 2.84 (1=6.57 sec)

Max Cross Canyon Displacement -1.44 (t=6.63 sec)

Max Vertical Displacement 0.48 (t=6.62 sec)

Dynamic Max Contraction Joint Opening at Dam 0.07 (t=7.83 se)

Center

Max Contraction Joint Opening at Dam
Quarter Point

0.063 (t=8.92 sec)

Max Contraction Joint Opening Near Left
Abutment

0.91 (=6.59 sec)
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11.2.11 Thermal Analysis

To study the effects of a low temperature condition on the dam during an earthquake, a
thermal analysis was completed before running the seismic analysis in DYNA3D. The
USBR provided LLNL with nodal temperatures for the low (winter) condition for both the
upstream and downstream sides of the dam [Ref 12] and [Ref 10]. Figure 84 shows the
temperature variation versus dam height for both the upstream and downstream sides.
TOPAZ3D, athree-dimensional implicit finite element code at LLNL, was used to solve
the steady state temperature field throughout the dam structure using these temperature
variations as boundary conditions. Figure 85 shows the temperature variation on the dam
calculated by TOPAZ3D. Thistemperature field was then used as atemperature profile in
NIKES3D, so that NIKE3D could calculate the thermal stresses (along with the gravity and

hydrostatic loads). A material reference temperature of 40°F was chosen and the coeffi-

cient of thermal expansion used was 0.0000056 in/in/°F. The thermal loading virtually
caused no change in the peak upstream-downstream displacement, which was calculated
to be 2.8 inches. The maximum gap opening was 0.05 inches at the dam center and the
permanent wedge displacement was 0.72 inches compared to 0.83 inches computed in
model 3 (see Table 16, Figure 86, and Figure 87). Note that the finite element model used
for this analysis was the same as model 3 with the left abutment wedge allowed to move
freely from the dam and the foundation.
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b.)

FIGURE 85. a). Upstream temperature variation ; b). downstream
temperature variation.




TABLE 16. Seismic Analysis Results for thermal model

Analysis Type Description Value (Ibs, in, sec)
Tension 1100
Cantilever
Compression 2140
Tension 626
Static Arch
Compression 2190
Max Principal Stress 1 1560
Max Principal Stress 3 3130
Tension 1080
Cantilever
Compression 2070
. Tension 626
Static & Low
Temperature Arch
P Compression 2150
Max Principal Stress 1 1540
Max Principal Stress3 3090
Tension 1240 (t=0.02 sec)
Cantilever
Compression 2560 (t=7.43 sec)
Tension 868 (t= 10.85 sec)
Static & Dynamic Arch
Compression 2700 (t= 4.76 sec)

Max Principal Stress 1

2000 (t=6.61 sec)

Max Principal Stress3

3760 (t=4.76 sec)
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TABLE 16. Seismic Analysis Results for thermal model

Value (Ibs, in, sec)

Analysis Type Description
Max Upstream-Downstream Displacement 2.8 (6.55 sec)
Max Cross Canyon Displacement -0.85 (t=6.63 sec)
Max Vertical Displacement 0.51 (t=6.61 sec)
Max Contraction Joint Opening at Dam 0.05 (t=7.79 sec)
Center
Dynamic Max Contraction Joint Qpenl ng at Dam 0.04 (t=7.77 sec)
Quarter Point
Permanent Wedge Displacement in 0.04
Upstream-Downstream Direction '
Permanent Wedge Displacement in Cross
o 0.72
Canyon Direction
Permanent Wedge Displacement in Verti- 0.04

cal Direction
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12.0 Conclusions

A summary of the upstream-downstream displacements for all of the analyses are pro-
vided for comparison in Table 17. Based on the extensive analyses performed, a number
of conclusions can be stated:

When modeling afoundation, it isimportant to deconvolve the ground motionsto the
base of the foundation model. By not deconvolving the ground motions, the earthquake
accelerations may be larger than wanted at the dam/foundation interface.

When modeling aflexible foundation, it is aso important to use non-reflecting bound-
ariesalong all sides of the finite element mesh. If areflecting boundary was placed at
the base of the foundation, for example, it was seen that the response was greater across
the entire acceleration response spectra in comparison to the response that would be
calculated if a non-reflecting boundary was used.

The topography had an effect of reducing the ground motions seen by the dam struc-
ture.

By placing a dliding with voids interface between the dam and wedge instead of atied
contact surface, the permanent wedge displacements doubled in value.

The USBR calculated peak displacement compared very well to the models that used
non-reflecting boundaries throughout the finite element model and deconvolved ground
motions.

It can be concluded from model 7, that the damage to the concrete for this magnitude
earthquake would be minimal.

Thetied with failure surface models suggest that the concrete dam structure is very sta-
ble throughout the earthquake loading.

Hydrostatic uplift pressures at the dam/foundation interface has little effect on the peak
upstream-downstream displacement. It may have an effect on the peak contraction
joint gap opening near the left abutment.

The low temperature condition analysis caused minimal differencesin peak upstream-
downstream displacements.

The contraction joint openings are more severe when the wedge is not restricted or tied
to the dam or foundation and when atied with failure slide surface and uplift is mod-
eled between the dam/foundation interface.
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TABLE 17. Upstream-Downstream Displacement Comparison

Maximum
Upstream-
Study Finite Element Model Downstream
Displacement

(in))
USBR EACD3D96 29
Rigid Foundation and 35

Westergaard Added Mass '
Flexible Foundation and 74

Westergaard Added Mass '

LLNL (Phase 1)

Flexible Foundation and 141

Water Explicitly Modeled '
Flexible Foundation, Water 597

Explicitly Modeled, Wedge 3 '
Model 1 2.76
Model 2 2.6
Model 3 273
Model 3 (wedge free) 2.83
Model 4 N/A
LLNL (Phase 2) Model 5 N/A
Model 6 N/A
Model 7 2.8
Model 8 2.86
Model 9 2.84
Therma 2.8
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15.0 Background

Concreteis perhaps one of the most widely used construction materialsin the world. Engi-
neers use it to build massive concrete dams, concrete waterways, highways, bridges, and
even nuclear reactors. The advantages of using concrete is that it can be cast into any
desired shape, it is durable, and very economical compared to structural steel. The disad-
vantages are its low tensile strength, low ductility, and low strength-to-weight ratio. Con-
crete is a composite material that consists of a coarse granular material, or aggregate,
embedded in a hard matrix of material, or cement, which fills the gaps between the aggre-
gates and binds them together. Concrete properties, however, vary widely. The properties
depend on the choice of materials used and the proportions for a particular application, as
well as differencesin fabrication techniques. Table 1 provides alisting of typical engineer-
ing properties for structural concrete.

TABLE 18. Typical Engineering Properties of Structural Concrete

Compressive strength 5000 Ib/in.2
Tensile strength 400 Ibfin.2
Modulus of Elasticity 4x 108 Infin.2
Poisson’s Ratio 0.18

Failure Strain for Unconfined Uniaxial Compression 0.002

Test

Failure Strain for Unconfined Uniaxial Tensile Test 0.00012
Coefficient of Thermal Expansion 5.6x 10/ °F
Normal Weight Density 145 1b/ft.3
Lightweight Density 110 Ib/ft.3

Properties also depend on the level of concrete confinement, or hydrostatic pressure, the
material is being subjected to. In general, concrete is rarely subjected to a single axid
stress. The material may experience a combination of stresses all acting simultaneously.
The behavior of concrete under these combined stresses are, however, extremely difficult
to characterize. In addition to the type of loading, one must also consider the stress history
of the material. Failure is determined not only by the ultimate stresses, but also by the rate
of loading and the order in which these stresses were applied.

The concrete model described herein accounts for this complex behavior of concrete. It
was developed by Javier Malvar, Jim Wesevich, and John Crawford of Karagozian and
Case, and Don Simon of Logicon RDA in support of the Defense Threat Reduction
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Agency’s programs. The model is an enhanced version of the Concrete/Geological Mate-
rial Model 16 in the Lagrangian finite element code DY NA3D. The modifications that
were made to the original model ensured that the material response followed experimental
observations for standard uniaxial, biaxial, and triaxial tests for both tension and compres-
sion type loading. A disadvantage of using this material model, however, is the over-
whelming amount of input that is required from the user. Therefore, the goal of this report
isto provide future users with the tools necessary for successfully using this model.

15.1 Terminology

Before discussing the details of thismodel, it isinstructive to provide an overview of some
of the key terminology and nomenclature that will be used extensively later on in this
description.

15.1.1 Volumetric and Deviatoric Stresses and Strains

Asyou may recall, stress can be broken up into its volumetric and deviatoric parts as fol-
lows,

0 =0y+s (EQ 54)

Inindicia form,
_1 _
where
_1 _1
p - éckk or p - é(cll + 622 + 033) (EQ 56)

and

_ 1

However, in DYNA3D, pressure is defined as the negative of the one defined above,
_ 1
p= —§(011 + 0+ 033) (EQ 38)

so that pressure is positive in compression.

In addition, for aprincipa coordinate system that coincides with the directions of the prin-
cipal stresses, al the Gij » with i # |, terms vanish so that

1
p = é(cs1 +0,+03) (EQ59)
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and
S; = max{c,;—P,0,—P, 03— P} (EQ 60)
Finally, volumetric and deviatoric strains are commonly written as,

g, = €1 t€,+ &g

2 (EQ61)
€y = 5(81—83)

\'

15.1.2 Stressl|nvariants

Scalar quantities may also be constructed out of the tensor o; i that is,

P, = 0j;0; (EQ62)

P3 = 6jj0jk0y

These scalar quantities constructed from atensor are independent of any particular coordi-
nate system and are therefore known as invariants. In the principal coordinate frame, these
guantities are usually written as,
P, =0,+t0,+04
2, 2, 2

P, = 6,+0,+03 (EQ 63)
3 3 3
P; = 6;+0,+03

In this particular model description, however, the stress invariants are defined as follows,
I, =3p = (0,+0,+03)

1 2 2 2
3, = 5(si+s+sy)  or

(EQ 64)
_ «/(51‘02)2+(01_53)2+(52—03)2
*\/‘]_2 - ,\/é
J3 = 55,5

15.1.3 Triaxial Compression and Extension

The triaxial compression test provides the means for defining the effect of confinement on
the strength of the concrete. When a lateral confining pressure is applied, the increase in
compressive strength can be very large. In addition, the application of alateral confining
pressure |leads to a large increase in the compressive strain at failure. The effect of a con-
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fining pressure on strength is, however, more beneficial for weak than for strong concretes.
In the case of tension plus biaxial compression, the tensile strength is reduced by the
application of lateral compressive stresses.

1

|

/ 41— 03
N~

Gy

FIGURE 88. Description of triaxial test

A typical triaxial compression test is defined as follows:

18.at the beginning of thetest, 6, = 6, = p.

19.during test, 6, increased until failure.

20.At failure, the concrete strength is defined as Ao, = |61~ 0|
A typical triaxial extension test is defined as follows:

1. at the beginning of thetest, 6, = 6, = p.

2. during test, o, increased until failure.

3. At failure, the concrete strength is defined as Ao, = |06, -0, .

A comparison of the concrete strengths may be computed as

B>

)

y = (EQ65)

B>

G

The value, v, usually varies from 0.5 <y < 1.0, depending on the amount of confining
pressure the material is subjected to.

The Ac value defined above will be used throughout the material description as away of

referring to the shear strength of concrete. The Ac can aso be related to the second
invariant of the deviatoric stress by

Ac = /33, (EQ 66)
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16.0 Nonlinear Concrete M odel Description

The Karagozian & Case concrete model decouples the volumetric and deviatoric
responses. The model also uses an Equation of State (EOS). The Equation of State pre-
scribes a user-defined set of pressures, unloading bulk moduli, and volumetric strains.
Once the pressure has been determined from the EOS, a movable surface, or failure sur-

face, limits the second invariant of the deviatoric stress tensor (i.e. Ac). In addition, the

model is strain rate dependent, which is extremely important for accurately simulating
blast effects.

16.1 Failure Surfaces

The model uses three independent fixed surfaces to define the plastic behavior of concrete.
The surfaces, which define three important regions of concrete behavior, can be seen eas-
ily if one plots the stress-strain response from an unconfined uniaxial compression test
(see Figure 89). The material response is considered linear up until point 1, or first yield.
After yielding, a hardening plasticity response occurs until point 2, or maximum strength,
is reached. After reaching a maximum strength, softening occurs until aresidual strength,
which is based on the amount of confinement, is obtained. The three surfaces are defined
by the following equations:

_ p . .
AGy = ag, + a—ly +app (yield failure surface) (EQ67)

_ p . .
A = a + maximum failure surface EQ 68
Om=%* i 3ap ) (EQ68)

_ p . .
Ao, a—lf Y ayp (residual failure surface) (EQ 69)

where a,, a;,, &, a,, 8y, 8y, a1, and a,¢ areall user-defined parameters which change
the shape of the failure surface.

The current failure surface is calculated from the three fixed surfaces using asimple linear
interpol ation technique:

1. if the current state lies between the yield surface and the maximum surface, the failure
surface is calculated using

Ac; = n(Acm—AGy) + Aoy (EQ 70)

2. if, on the other hand, the current state is |ocated between the maximum surface and the
residual surface, the failure surface is defined by

Ac; = n(AG,,—AG,) + Ao, (EQ71)
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where n varies between 0 and 1, and depends on the accumulated effective plastic strain
parameter A . The current value of A - calculated using an equation that will be discussed
later - is compared to a set of 13 user-defined (n, A) pairs, which are usually determined
from experimental dataThe n value is O when A = 0, 1 a some value A = A, and

again 0 at some larger value of A . Therefore, if A <A, the current failure surface is cal-
culated using EQ. 70, and if A > A, the current failure surface is calculated using EQ. 71.

In essence, the (1, A) values define where the current failure surface is in relation to the
three fixed surfaces for different values of plastic strain.
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FIGURE 89. Model failure surfaces and uniaxial stress-strain response
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16.2 Pressure Cutoff

The pressure cutoff was modified from the original DY NA3D material model 16 to pre-
vent the pressure from being lower than the maximum tensile strength f,, instead of

f./3. This alows for correct values of Ac for both the biaxial and triaxial tensile tests

(see Figure 90). For example, the uniaxial, biaxial, and triaxial Ac values are calculated
asfollows:

1. Uniaxial: (o, = f;,06,=0,05;=0)

—

«/J_z _ «/(61_62)2"'(51_53)2"‘(02—03)2 _ f

6 /3
Ac = f,
fy
P=3

2. Biaxial: (6, = fi, 0, = f,,053=0)

/3, = «/(51_52)2"'(01_03)2+(02—03)2 fy

NG J3

Ac = f,

3. Triaxial: 6, = f,,0,=f,05=f

3 = «/(51—02)2+(01—03)2"‘(02—53)2 _
? NG
Ac =
p=-1;

0
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When the material has failed in the negative pressure range, the previously defined param-
eter 1 isused to increase the pressure cutoff from —f, to zero. The pressure cutoff, p., is

calculated from the following rule (see Figure 90):

1. p. isequal to —f, if the maximum failure surface has not yet been reached.

2. p. isequal to - f, if the maximum failure surface has already been reached.

This pressure cutoff is needed because the EOS may calculate very large negative pres-
sures for large volumetric extensions beyond cracking, which is, of course, physically
unrealistic.

Ac = ,/3J,>0
A/naximum compressive meridian
Pc = -nf; St

t

Pc=-fr—»

2
- T
e biaxial tensile path
) ’ uniaxial ten?le path
-2f/3 T
£/3

maximum tensile meridian

FIGURE 90. Description of pressure cutoff and tensile paths

16.3 Damage Evolution

Asyou may recall, the current failure surface is interpolated between either the yield and
maximum surface or the maximum and residual surface using a set of user-defined (1, A)
pairs. The current value of the damage parameter A is defined using the following rela-
tionships:
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p
A= IL when p=>0 (EQ72)
0

ef
J' when p<0 (EQ73)
or (1 + ﬁ)

where the effective plastic strain increment is given by:
de® = [[£|delde? EQ74
e = gj;de; (EQ 74)

It isinstructive to mention that this effective plastic strain increment is the one commonly
used for a von Mises isotropic hardening model for metals. In a more genera case, the
effective plastic strain increment is defined as:

deP = (g)deﬁdeﬁ or in the longer format

L (EQT9)
— 2
(dsp = {g[(dsfl - dsgz)z + (dsgz - d8§3)2 + (da§3 - dsfl)z} + g[(dsgg)z + (dsgl)z + (defz)z}} ]
where & isthe deviatoric part of strain and can be written,
el = ¢f 6 el (EQ 76)

Ij ij“kk

The reasoning behind writing the effective plastic strain increment as in EQ. 74, is that
when modeling metals, it is postulated that the plastic deformation occurs under constant

volume (i.e. efy, = 0). This assumption forces efj’ = e . The drawback of using a devia-

toric damage criterion for concrete, is that the material cannot accumulate damage under a
pure volumetric extension, or triaxial tensile test, because the second deviatoric stress
invariant remains zero. Therefore, a volumetric damage increment was added to the devia-
toric damage whenever the stress path was “close” to the triaxial tensile test path. The

closeness to this path is calculated from the ratio ‘( 3J,)/ p‘ , Whichis 1.5 for the biaxial

tensile test, as you may recall from the pressure cutoff examples. The volumetric damage
increment is limited by a closeness parameter f; given by
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L GBR R 0| 33 0 <01
fg = 0.1 (EQ77)
0 (/33,70 201

Then the modified effective plastic strain damage parameter is incremented by
AN = b3fdkd(8V—€v’ yie|d) (EQ 78)
where b, is a user-defined parameter that prescribes the rate of damage primarily in the

triaxial tensile regime, ky isan interna scalar multiplier, and €,, and €
metric strain and volumetric strain at yield.

v, yielg e thevolu-

The user-defined parameters b, and b, , located in EQ. 72 and EQ. 73, aso change the

rate at which damage occurs, and the r ; value is a dynamic increase factor that accounts

for strain rate effects. It is important to note that the DY NA3D manual states EQ. 72 and
EQ. 73 asfollows:

_ deP
dA = - when p>0 (EQ 79)
S \r. = P
1+ (x5) s “K“rfft)
1P
A= de when p<O0 (EQ 80)

(gl -o)(e )

If the user defines s = 0, the strain-rate effects have been toggled off, and if s=100, the
strain-rate effects are included.

In addition, the values b, and b, which govern the softening part of atensile stress-strain
response, are mesh-size dependent. For example, this means that the softening response
for a6 x 6 x 6 in. cube element will likely be different for a1 x 1 x 1 in. cube element, if
the same values of b, and b, are used to define both element sizes. Therefore, different
material definitions should be used for different regions of the finite element model. It is

highly recommended that the user perform a series of single element tensile tests to view
whether the material model isindeed yielding the desired softening response. If the analy-

sis does not give areadistic stress-strain curve, the b, and b, parameters should be modi-
fied and the tensile test restarted. This iterative procedure should be continued until the
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desired result is achieved. Figure 91 shows the variation that can occur for WSMR-5 3/4
concrete.

WSMR-5 3/4 Concrete

500.0

——52-016, 63115
- - - b2=0.5;b3=1.15
N\

' b2=1.15; b3=1.15 A
400.0 |t — — b2=-2.15;03=2.15 1
7

300.0

z-stress, psi

l
2000

100.0 |

v,

[l

W

0.008 0.010
z-strain

FIGURE 91. Effects of parameters b, and b; on softening for a single element tensile test.

The user may also track the failure surface evolution by specifying avalue of 2 for the emr
output on card 4 of the DY NA3D material deck. This parameter tells the subroutine to cal-

culate a“damage” parameter o, which is calculated in the following manner:

_ 2\
A+ A,

(EQ 81)

This parameter will be avalue of O until the initial yield surface has been reached, avalue
of 1 when the failure surface reaches the maximum surface, and avalue of 2 at the residual
surface.

In addition, an element deletion criteria was added recently. During extreme loading con-
ditions, some elements, after failing in tension, would stretch or deform continuously
without any limits. As aresult, the time step would decrease until it was no longer feasible
to run the ssmulation. This can be a problem when the user wants to run the simulation out
to afar enough time to see the global response of the structure being analyzed. Therefore,
the element deletion criterion that seemed to give the best results for this type of situation,
was one that was based on atensile volumetric strain. To use this feature, the user placesa
volumetric strain value in row 4 of card 4 in the DYNA3D material deck. Once this volu-
metric strain has been reached, the element is deleted from the simulation. It is recom-
mended that a relatively high value be used, however, otherwise the element may be
deleted too soon. Furthermore, if the element being deleted is subjected to a pressure |oad-
ing at the time of deletion, that pressure loading will not transfer to the surrounding ele-
ments.
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16.4 Description of Third Invariant
Asyou may recall, in athree-dimensional principal stress space, the yield surface may be
visualized as a prism with the axis along the space diagonal 6, = 6, = 65, whichisthe

ray OC shown in Figure 92.

G

T
| C

/O

03

FIGURE 92. Three-dimensional state of stress and space diagonal

Since the stress state may be resolved into a volumetric component and a stress deviator
component, the cross section of the prism represents the deviatoric plane. The cross sec-
tion of the prism may be plotted on any plane perpendicular to the space diagonal. The
deviatoric planes have the following equation:

6, + 0, + 03 = constant (EQ82)

where the &t -plane is the deviatoric plane that passes through the origin.

As you know, the yield condition attributed to R. von Mises is represented by acircle on
the m -plane (see Figure 93). The circle is the intersection of a sphere of radius r

63

FIGURE 93. Von Misesyield surface (plan view of T -plane).
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2 2 2 2
o1 +05+05 =T (EQ 83)

in the stress space and the plane

6,+0,+053=0 (EQ84)

where r is defined by

_ 2
r=o, é (EQ 85)

Since EQ. 84 is satisfied by strain deviator components, the equation for avon Misesyield
surface becomes

2 2

2 2 2
S| +S;+83 = 20y (EQ 86)

w

which may also be written as

2

[0,—0,] + [62—63]2+ [63—61]2 = 20)2, (EQ87)

Furthermore, written in terms of the stress deviator invariant, the yield surface becomes
Gy = ,3J,. (EQ 88)

Therefore, the von Misesyield condition is based on the stress deviator and thus are essen-
tially independent of the hydrostatic pressure. Thisis appropriate for ductile materials, but
is not adequate enough to describe all isotropic materials, specifically materials which are
dependent on the hydrostatic pressure and the third stress invariant, such as plain concrete
and sand.

If athird invariant isincluded, the circles used to describe the yield condition on the devi-
atoric plane for the von Mises surface, can become triangular curves with smooth corners.
Based on experimental results of concrete, the intersection with the deviatoric planeistri-
angular at low pressures and circular at higher pressures (see Figure 94).

A model was proposed by William and Warnke, which yields a smooth, convex triangular
surface (see Figure 94). If r . isthe coordinate of the surface at the compressive meridian,

and r, the one at the tensile meridian, any intermediate position r may be calculated as
follows:

2rc(r§—rt2)cose + rc(2rt—rc)A/4(r(2:—rtz)(cose)2 + 5rt2—4rtrC
r =

4(r§—rt2)(cose)2 + (rc—2rt)2

(EQ 89)
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By dividing both sides by r . and dividing the numerator and denominator of the right

hand side by ri , the equation now becomes

'Gz/f’c
lL,=p=-11f
01 9f,
71
51
e 31,
117
(9] o
3 -4/f’
4, Ol
v
a)
(NOTE: negative stress
represents compression; -G,
positive stress represents
tension)
rC
r(e)
o1
I 60°
’ g
O
b)

FIGURE 94. a) Concrete deviatoric sections for increasing pressure; b) William and Warnke
model.

_ 2(1-yP)cosh + (2y — 1) /4(1 - y?) (cosh)® + 5y’ — 4y

.
A(1—y?)(cos0)? + (1-2y)°

(EQ90)
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where y = r./r.and r' = r/r_.. Note the similarity between our definition y here and
the one defined by EQ. 65. For 6 = 0°, the formulayields r' = y, and for 6 = 60° it

yields r' = 1, wherethe value of 6 can be obtained from the following relationships,

_J35

C0S6 = ———— or cos30 = ——— (EQ91)
ES 3/2
2 ‘]2 2 J2

Once thevalue of r' isknown, the original compressive meridians are multiplied by r' at
that location. By doing this, we obtain separate tensile meridians and compressive meridi-
ans as was shown in Figure 89.

Up to this point, it has been said that the compressive meridian is known and the tensile
meridian is found by multiplying the compressive meridian by . However, the actual
material model, in certain regions, uses the tensile meridian to determine the compressive
one. For pressures greater than f'./3, the input compressive meridians are based on the

input parameters a,, a;, and a,, as aready stated. For pressures below f'./3 and above
—f,, thetensile meridian is given by

Ao = Sp+ 1y EQ9)

which passes through both the triaxial tensile test failure point and the uniaxial tensile test
point (See “ Pressure Cutoff” on page 171.) At p = f'./3, thetwo meridians are forced to

coincide by determining an appropriate value of . The compressive meridian for pres-
sures below f'./3 then follows as the image of the tensile meridian, which can be calcu-

lated by dividing the tensile meridian by y(p) at every pressure p. The determination of
v (p) isfully discussed in [Ref 2], and will not be discussed in this report. However, it

will sufficeit to say that the function y(p) isdetermined from experimental data, and are
used internally by the code. Therefore, no input is required from the user.

16.5 Strain Rate Effects

In the analysis of concrete structures subjected to blast loading, the concrete may be sub-

jected to strain rates on the order of 10s ' to 1000s . At these high strain rates, the
apparent strength of concrete and the corresponding strain at peak stress both increase.
The fracture energy, or the area under the tensile |oad-deflection curve, is aso believed to
increase. Since concrete strain rate effects are generally thought to be dependent on the
rate of crack propagation, the elastic modulus is assumed to be rate independent, because
at low stress levels no cracking is present. It has been shown by experimenta tests that
there are different rate enhancements for tensile and compressive loading (see Figure 95).
The tensile strength increases by a larger factor than does the compressive strength. Fur-
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thermore, the tensile strength rate enhancements have alarger slope than the compressive
strength rate effects.

TABLE 19. DYNA3D input

HQ AF CIVIL ENGINEERING SUPPORT AGENCY, TYNDALL AFB, FL
D Strain Rate Strength Factor
\N( : -1.000E+02 7.960E+00
ﬁ OTHER TEN DATA[11] ; -1.000E+01 4.040E+00
| B8 :z ::':ST’ 5 LA ~1.000E+00 1.890E+00
c = Y10 s - -
; I v _ 1.000E-01 1.780E+00
? le s e s -1.000E-02 1.670E+00
A : -1.000E-03 1.560E+00
T ‘ 0.000E+00 1.000E+00
G et R 1000E-03 T119E+00
s R 1.000E-02 1.150E+00
: g" : 1.000E-01 1.200E+00
E wEC ; EARTIIOUAKE 1.000E+00 1.300E+00
N : AIRPLANE : CONV.
G oasexp. S S 1.000E+01 1.375E+00
T L 1 1 L
T = . z e 4 | [LOO00E+02 2.000E+00
LOG(STRAIN-RATE, 1/5) 1.000E+03 3.000E+00

FIGURE 95. Strain rate effects on tensile and compressive strengths ([Ref 3] and [Ref 4]).

The DYNA3D model has the capability of using different strain rate enhancement factors
for tension and compression. These factors are input into a DY NA3D viathe use of aload
curve (see Table 19). Please note that if strain rate effects are to be included in the calcula-
tion properly, one must specify aload curve number and also use s = 100 on card 4 of
the material deck. In addition, the negative values tell the code that those strength factors
are to be used for tensile strength, while the positive ones are to be used for compressive
strength.

The material model uses the negative values if p< f,/3 and the positive values if
p> f'./3. For pressures that lie between these values, a linear interpolation is used. The
rate effects are calculated by obtaining an enhanced Ac, of the failure surface at some
pressure p. This calculation is represented by the following:

AG, =1 fAG(rB)

f (EQ93)

ry = rate enhancement factor; p = pressure calculated by EOS

First, an unenhanced pressure, p/r;, is calculated. This alows the code to obtain an

unenhanced strength at Ac(p/r¢) from the compressive meridians. Then the unenhanced
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strength is multiplied by the strength factor to give the enhanced failure surface. Thisis
graphically represented by Figure 96.

Enhanced Compressive
Meridian f,e

Ao >0

A

Maximum Compressive
Meridian f,

fme (P) = 11 * fr(p/re)

I'ff’C/S

: / » P
\f’c/s

Tensile Meridian

FIGURE 96. Description of strength enhancement calculation.

16.6 Shear Dilation

Dilatancy isaterm used to describe the volume increase which may result from the forma-
tion and growth of cracks paralel to the direction of the greatest compressive stress. Shear
dilation is the volume increase which may occur when concrete is subjected to shear
stresses (see Figure 97). When the materia is cracking, the dilation continues until the
crack opening is large enough to clear the aggregates. At this point, dilatancy does not
continue.

To include the effects of shear dilatancy and to make sure that too much shear dilation
does not occur, a proper flow rule must be used. Asyou may recal, in asimple von Mises
isotropic hardening law for metals, the plastic flow develops along the normal to the yield
surface. Thisis known as an associative flow rule. If an associative flow ruleisused for the
concrete model, too much shear dilation tends to occur. In DY NA3D material model 16,
the original version of this model, instead used a constant volume Prandtl- Reuss model,
which is a non-associative flow rule. This rule, however, has the drawback of not being
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able to represent any shear dilation. Therefore, a partial associative flow rule is used,
where the amount of associativity is prescribed by the user input value o, where a value
of 0 indicates no change in volume during plastic flow and a value of 1 indicates shear
dilation occurs according to an associative flow rule (see Figure 97). Typical concrete

experiments show that the value of o should range from 0.5t0 0.7.

mortar crack
interface crack

| macrocrack

aggregate

Partial
Associative
Flow 3]
O<m<1

Associative Prandtl-Reuss M odel

0=0; =0

AC No ’ear_dilation

-DV

b) C)

FIGURE 97. a)graphical representation of shear dilation; b) yield surface with associated flow
rule; ¢) description of associative, non-associative, and partial associative flow rules.

16.7 Equation of State

The DYNA3D equation of state form 8 (similarly form 12), prescribes the relationship
between pressure and volumetric strain. In addition, it also includes a tabulation of the
unloading bulk modulus at peak volumetric strains. Please note that volumetric strain is
positive in tension, and pressure is positive in compression. In general, the pressure vs.
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volumetric strain may have a cubic spline representation; however, the concrete data that
will be supplied in this report consist of alinear pressure vs. volumetric strain relationship
see Figure 98, Table 20, and Table 21).

Peut——

FIGURE 98. Pressure vs. volumetric strain curve for equation-of-state Form 8 with compaction
(similarly Form 12).

TABLE 20. Input for equation-of-state form 12: WSMR-5 3/4 concrete

COLUMN 1 COLUMN 2 COLUMN 3 COLUMN 4 COLUMN 5
0.000000000E+00 | -1.466000000E-03 | -1.000000000E-02 | -4.000000000E-02 | -7.000000000E-02
-1.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 3.625000000E+03 | 1.513800000E+04 | 4.437000000E+04 8.076500000E+04
1.032110000E+06 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
2.472250000E+06 | 2.472250000E+06 | 4.437000000E+06 | 4.437000000E+06 4.437000000E+06
4.437000000E+06 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
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TABLE 21. Input for equation-of-state form 12: SAC5 concrete

COLUMN 1 COLUMN 2 COLUMN 3 COLUMN 4 COLUMN S

0.000000000E+00 | -4.760000000e-03 | -1.004760000e+00 | 0.000000000e+00 | 0.000000000e+00
0.000000000e+00 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+Q00
0.000000000E+00 | 1.015000000e+04 | 7.351500000e+05 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
2.131500000e+06 | 2.131500000e+06 | 2.131500000e+06 | 0.000000000e+00 | 0.000000000e+00
0.000000000e+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
0.000000000E+00 | 0.000000000E+00 | 1.000000000E+00 | 0.000000000E+00 | 0.000000000E+00
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17.0 Concrete Material Properties

There are two concrete materials which have been used extensively with the DY NA3D
material model. These materials include the WSMR-5 3/4 concrete and the SAC5 con-
crete. Because having only two sets of material datais rather limiting to the user, a proce-
dure for scaling known data to another material is also presented.

17.1 WSMR-5 3/4 Concrete

This material model was used primarily for all of the Morrow Point Dam simulations pre-
sented. The primary reason for thisis that the unconfined compressive strength of WSMR-
5 3/4 concrete is approximately 6500 psi, which is similar to the compressive strength of
the cylinder tests conducted on the Morrow Point concrete. The corresponding tensile
strength of this material is approximately 465 psi. Figure 99 shows a plot of the compres-
sive meridians, asingle element tensile test, and a uniaxial unconfined compressive test.

17.2 SAC5 Concrete

The SAC5 concrete material was used for the DY NA3D/ALES3D concrete wall benchmark
experiment presented earlier in the report. This material has an unconfined compressive
strength of approximately 5500 psi and a tensile strength of 365 psi. Furthermore, a com-
parison of the (n, A) pairs of SAC5 concrete to those of WSMR-5 3/4 concrete, reveas

that the failure surface of SAC5 concrete isreached at alater damage value A than for the
WSMR-5 3/4 concrete. Figure 100 similarly shows a plot of the failure surfaces, a single
element tensile test, and a uniaxial unconfined compressive test.
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TABLE 22. DYNA3D input for WSMR-5 3/4 concrete: mesh size (6 x 6 x 6 in. cube)

COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN
CARDS 1 2 3 4 5 6 7 8
3 1.900E-01 4.640E+02 1.946E+03 4.463E-01 1.228E-05 1.500E+00 5.000E-01 4.417E-01
4 s=0 or 100 2.000E+00 0.000E+00 volumetric 0.000E+00 load curve 0.000E+00 0.000E+00
strain at giving rate
failure sensitivity
5 0.000E+00 1.000E-05 3.000E-05 5.000E-05 7.000E-05 9.000E-05 1.100E-04 2.700E-04
6 5.800E-04 7.800E-04 1.331E-02 5.000E-01 6.000E-01 1.150E+00 1.469E+03 6.250E-01
7 0.000E+00 8.500E-01 9.600E-01 9.900E-01 1.000E+00 9.900E-01 9.600E-01 5.000E-01
8 5.000E-02 1.000E-02 0.000E+00 0.000E+00 0.000E+00 1.600E-01 1.797E-05 3.981E-05
NOTE: all unitsin Ibs, sec, in.
Three Failure Surfaces Single Element Tensile Test
WSMR-5 3/4 WSMR-5 3/4 Concrete (w=6 in)
100000.0 T . . 2000.0 . .
dynamic increase factor = 1
18000 | dynamic increase factor = 2.4 ]
——— dynamic increase factor = 4
80000.0 | 4 1600.0
1400.0 J
——— residual
_ 60000.0 | i = 12000 J
§ ? 1000.0 4
g 40000.0 B [% 800.0 4
600.0 g
20000.0 f i 400.0 J
200.0 E
%% 10000000 20000000 30000000 4000000.0 *8000 000z 0.004 _ 0.008 0.008 0.010
Pressure (psi) Strain
a) b)
Uniaxial Unconfined Compression Test
WSMR-5 3/4 Concrete
B Damage pressure 10000.0 T T T T
——— dynamic increase factor = 1
- ——— dynamic increase factor = 1.5
} rigid
material 8000.0
~  6000.0
D 5 4000.0
2000.0
b«
°8 000 0002 000 0006 0.008 0.010

Strain

d)

FIGURE 99. WSM R-5 3/4 concrete properties: a) plot of compressive meridians; b) single element
uniaxial tensiletest with and without rate dependence (tensile strength = 464 psi); c) description of
unconfined uniaxial compressive test and plot of damage parameter § after compressive failure; d)
stress-strain plot of UUC test with and without rate dependence (compressive strength = 6500 psi).
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TABLE 23. DYNA3D input for SAC5 concrete: mesh size (6 X 6 X 6 in. cube)

COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN COLUMN
CARDS 1 2 3 4 5 6 7 8
3 1.900E-01 3.625E+02 2.192E+03 4.910E-01 1.246E-05 1.400E+00 0.000E+00 4.417E-01
4 s=0or 100 2.000E+00 0.000E+00 volumetric 0.000E+00 load curve 0.000E+00 0.000E+00
strain at giving rate
failure sensitivity
5 0.000E+00 1.500E-04 2.800E-04 1.200E-03 0.100E+00 0.200E+00 0.300E+00 0.400E+00
6 5.000E-01 6.000E-01 7.000E-01 8.000E-01 9.000E-01 0.400E+00 1.560E+03 7.414E-01
7 0.000E+00 1.000E+00 2.400E-01 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00
8 0.000E+00 0.000E+00 0.000E+00 0.000E+00 0.000E+00 1.500E+00 1.797E-05 3.569E-05

NOTE: all unitsin Ibs, sec, in.

Single Element Tensile Test Three Failure Surfaces
SACS5 Concrete (w=6in) SACS
1400.0 T T T T 100000.0 T T T
12000 F dynamic increase factor = 1 i
N dynamic increase factor = 2
——— dynamic increase factor = 3 800000 |-

1000.0 — yield

—— maximum
residual

800.0 60000.0 |-

600.0

Stress (psi)
Yield (psi)

40000.0

20000.0 ﬁ

s s s s L L
0.002 0.003 0.004 0.005 ~0.0 1000000.0 2000000.0 3000000.0 4000000.0
Pressure (psi)

400.0

200.0

0.0
0.000

a) b)

Uniaxial Unconfined Compression Test
SACS Concrete

M Damage pressure 10000.0 r T

T T
dynamic increase factor = 1
dynamic increase factor = 1.6

rigid
material 80000 |

l> 6000.0

4000.0 |

Stress (psi)

2000.0

0.0 s n s L
0.000 0.002 0.004 0.006 0.008 0.010
Strain

c) d)

FIGURE 100. SAC5 concrete properties: a) plot of compressive meridians; b) single element
uniaxial tensiletest with and without rate dependence (tensile strength = 363 psi); ¢) description of
unconfined uniaxial compressivetest and plot of damage parameter 6 after compressive failure; d)
stress-strain plot of UUC test with and without rate dependence (compressive strength = 5500 psi).
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17.3 Scaling of Existing Data

A disadvantage to using this particular material model is the large amount of data that is
required for one type of concrete. Therefore, it is useful to discuss briefly the methods
required to scale the known data, such as the data given for WSMR-5 3/4 concrete and
SACS concrete, so that it can be used for a different material [Ref 3]. The user input that
requires scaling are the failure surfaces and the equation of state.

The following steps are used to scale the failure surfaces:

1. If f'. istheunconfined compression strength of the new material to be modeled, and

new

f'Cold is the unconfined compression strength of a previous modeled concrete material,

then aratio, r, may be calculated as

fl
r= f,c"ew (EQ 94)

Cold

2. New coefficients for the failure surfaces may be calculated by

3on = @of
a, = (EQ 95)
Ay, = Ay/T

where the subscript n represents the new material’s coefficients.

The equation of state needs modification to both the input pressures and input bulk mod-
uli. The new pressures and moduli may be calculated by the two following rel ationships:

pnew = pold“/F (EQ 96)
Knew = Kold“/F (EQ97)

These relationships stem from the fact that the bulk modulus is calculated by

E

K = m (EQ 98)

where the modulus of elasticity, E, is related to the unconfinced concrete compressive
strength by

E = 57000,/f",. (EQ 99)

Please note that the empirical relationship for E requires that the units bein (Ibs, sec, in).
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